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The cost and fuel economy of hybrid electrical vehicles (HEVs) are significantly
dependent on the power-train energy storage system (ESS). A series HEV with a minimal
all-electric mode (AEM) permits minimizing the size and cost of the ESS. This
manuscript, pursuing the minimal size tactic, introduces a bandwidth based methodology
for designing an efficient ESS. First, for a mid-size reference vehicle, a parametric study
is carried out over various minimal-size ESSs, both hybrid (HESS) and non-hybrid
(ESS), for finding the highest fuel economy. The results show that a specific type of high
power battery with 4.5 kWh capacity can be selected as the winning candidate to study
for further minimization.
In a second study, following the twin goals of maximizing Fuel Economy (FE)
and improving consumer acceptance, a sports car class Series-HEV (SHEV) was
considered as a potential application which requires even more ESS minimization. The
challenge with this vehicle is to reduce the ESS size compared to 4.5 kWh, because the
available space allocation is only one fourth of the allowed battery size in the mid-size
study by volume. Therefore, an advanced bandwidth-based controller is developed that

allows a hybridized Subaru BRZ model to be realized with a light ESS. The result allows
a SHEV to be realized with 1.13 kWh ESS capacity.
In a third study, the objective is to find optimum SHEV designs with minimal
AEM assumption which cover the design space between the fuel economies in the midsize car study and the sports car study. Maximizing FE while minimizing ESS cost is
more aligned with customer acceptance in the current state of market. The techniques
applied to manage the power flow between energy sources of the power-train
significantly affect the results of this optimization. A Pareto Frontier, including ESS cost
and FE, for a SHEV with limited AEM, is introduced using an advanced bandwidthbased control strategy teamed up with duty ratio control. This controller allows the series
hybrid’s advantage of tightly managing engine efficiency to be extended to lighter ESS,
as compared to the size of the ESS in available products in the market.
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CHAPTER I
INTRODUCTION

1.1

Background and motivation
Environmental and energy concerns in recent years [1] [2] [3] persuaded policy

makers to encourage the automotive industry to change their direction to produce
vehicles with higher fuel economy, lower emission and superior performance [4] [5] [6]
[7] [8]. In 2010, light-duty vehicles were responsible for 45% of US oil consumption
which shows the dependency of the transportation system on petroleum. On the other
hand, oil-fired power plants are only responsible for 1% of US electricity consumption
which shows the lower dependency on petroleum in producing electricity [9] [10].
Therefore there is a great interest in using electrical energy sources in the power-trains of
the vehicles [11]. Different types of Electrified Vehicles have been manufactured such as
the Hybrid Electric Vehicle (HEV), the Plug-in Hybrid Electric Vehicle (PHEV), the
Battery Electric Vehicle (BEV), and the Fuel Cell Vehicle (FCV) [4] [5] [7] [12].
Among all EV products, the HEV owns the largest share of the US vehicle market
with 3.6 % while the contribution from other options are much smaller [13]. HEVs are
classified into micro, mild, medium, and full HEV based on the degree of hybridization
[14]. The full HEV class, from this point on in this manuscript denoted simply HEV, has
the potential to have engine duty-cycling, regenerative braking, motor assistance, and
All-Electric Mode (AEM). In each case, the power-train is hybridized to some extent
1

with an energy storage system (ESS) to improve the performance of the ICE [4] [5].
Despite the superior performance, the HEV is still not as competitive as conventional
vehicles with consumers; one main reason is the ESS cost and durability limitations.
Therefore, one of the major challenges is to minimize the ESS cost while not
compromising the overall power-train efficiency; this is a multi-objective optimization
problem which is influenced by different parameters [15] [16]. The power flow
management technique that is used to distribute the load between ICE and ESS is one of
the major contributors which significantly affects the result of the optimization study
[17].
1.2

Literature Review
Electrified vehicle literature and other literatures contain many references related

to the topic of the energy storage system (ESS). Several subjects have been studied in this
literature which affect the size and performance of the ESS. One subject is hybridization.
A hybrid ESS (HESS) is one in which various energy storage devices (ESDs) with
different characteristics are combined to achieve lower overall loss and better power and
energy density. Another subject that affects ESS size is the methodology of design which
can be classified into time domain and frequency domain techniques. The third influential
subject, which in the electrified vehicle domain is known as control strategy, is the
methodology of distributing the power between the energy sources in the power-train.
The last but not least is the applied optimization technique for both optimizing the size of
the ESS and/or optimizing the performance of the vehicle. Reviewing and finally
appropriately using the listed subjects allows optimized design to be achieved. Therefore,
2

in order to organize the discussion, the literature reviewed will be broken down into
several categories, which are enumerated below.
1. Time-domain analysis on the topic of HESS in electrified vehicles or in
general applications
2. Frequency domain analysis for designing or analyzing ESS
3. Impacts of power management on the design of ESS in electrified vehicles
4. Optimization studies on the cost of ESS and efficiency of the power-train
in electrified vehicles
In order to maintain consistency and increase clarity throughout the literature
review and the entire document, the term “bandwidth” will be used to identify the band of
frequency over which a specific energy source operates with respectively high efficiency.
However, when the term “bandwidth” is used for a study or analysis, the range of
frequencies considered in the study is intended.
1.2.1

Time-domain study on HESS topic in electrified vehicle or in general
applications
The first category of papers directly studies the HESS design either in electrified

vehicles or in general applications. Many papers have studied the direct parallel
combination of battery and Ultra-Capacitor (UC), the so called passive connection [18]
[19] [20] [21] [22] [23] [24]. Active connection via a dc-dc converter is another method
of hybridization which has been shown to be a more efficient solution. The HESS
literature can be classified based on main concentration. By doing so, they can be
categorized into sizing, topology, and converter control study although they are usually a
mixture of these three. In sizing studies, battery weight can be simply computed based on
3

the energy requirement of the system and the battery specific energy while UC weight
can be calculated based on the power requirement of the system and UC specific power
[25] [26]. In some cases, the sizing optimization problem is solved through maximizing
the fuel economy. Battery weight, UC weight, and the power distribution ratio between
UC and battery, or Degree of Hybridization, can be taken as optimization variables [27].
In topology studies, various configurations of battery-UC HESS, from simple passive to
different types of active, in HEV, PHEV, and BEV application have been classified and
well-reviewed; moreover, pros and cons of each in addition to their operating details have
been discussed [28]. More topologies have also been proposed, tested, evaluated, and
added to the list of topologies [29] [30] [31]. Different control methods could also be
considered for the dc-dc converter in the HESS, each of which impacts size, cost, and/or
lifetime [27] [32] [33].
These ESS are usually large, because the size and performance reflect the
assumption of having significant AEM. Therefore the results of these studies are not the
indicator of their performance in a situation where HEV with minimal AEM is assumed.
They usually are time domain analyses where independently dedicating energy sources
based on their frequency response characteristics for managing the load is not an option.
1.2.2

Frequency domain analysis for designing or analyzing HESS
The study of the frequency domain analysis of hybrid energy storage systems is of

interest because the methodology is capable of decoupling various transient phenomena.
This allows studying the impacts of different phenomena on HESS independently.

4

Kuperman, Alon, Ilan Aharon, Avi Kara, and Shalev Malki. "A
frequency domain approach to analyzing passive battery–ultracapacitor
hybrids supplying periodic pulsed current loads." Energy Conversion and
Management 52, no. 12 (2011): 3433-3438.

1.2.2.1

In [34], the authors study the hybrid energy storage topic not for a specific
application, but for general application. The passive configuration rather than an active
topology is chosen for hybridizing a high energy battery and a UC because of simplicity,
reduced cost and volume, and better reliability. The authors mention that the frequency
domain method is selected for analysis because it offers a better understanding of the
steady state operation in terms of design trade-offs as compared to a time domain study
which gives good understanding of transient performance.
Ultra-capacitors act as a low pass filter for the battery. The transfer function
below, which is the ratio of battery current to load current, becomes constant at
𝑟𝐶
𝑟𝐶 +𝑟𝐵

when the frequency tends to infinity. This constant approaches zero at higher

frequency if capacitor resistance is considerably smaller than battery internal resistance
(1.1). Sizing the UC is done using the frequency domain technique.

|𝐻𝐶 (𝑗𝜔)| =

1 + 𝑗𝜔𝐶𝑟𝐶
=
1 + 𝑗𝜔𝐶(𝑟𝐵 + 𝑟𝐶 )

|𝐻𝐶 (∞)| =

𝑟𝐶
𝑟𝐶 + 𝑟𝐵

𝑟 𝐶 ≪𝑟 𝐵

1 + (𝜔𝐶𝑟𝐶 )2
1 + 𝜔𝐶(𝑟𝐵 + 𝑟𝐶 )

(1 − 1)

2

0.
(1.1)

The degree of hybridization, 𝐾, is found in the frequency domain by |𝐻𝐶 (𝑗𝜔)| ≤
𝐾 ∀𝜔 ≥

2𝜋
𝑇

inequality constraint to set the UC as a low pass filter where 𝑇 is the

frequency of the pulse load which was used for this analysis.
5

Frequency domain techniques allow better dedication of available energy sources
because the time-domain transient phenomena can be decoupled and treated
independently based on the bandwidth of the energy source. However, the authors do this
analysis for a general application, so obviously the result cannot be directly applied for
applications like the HEV where sources such as ICE, battery, and UC are combined to
manage a random load. Pulse loading is not generally representative of the load in
electrified vehicles, so the results should be seen as informative but incomplete if
extended to vehicle application.
1.2.2.2

Brubaker, M. A., D. El Hage, T. A. Hosking, H. C. Kirbie, and E. D.
Sawyer. "Increasing the life of electrolytic capacitor banks using
integrated high performance film capacitors." PCIM 2013 Europe (2013).
In solar and wind applications [35], electrolytic capacitor banks are used at the dc

link of voltage source inverters to provide a local reservoir of charge during switching
and to store energy for ride-through events associated with grids. Film capacitors with
higher bandwidth are an advanced technology used in parallel with electrolytic capacitors
to supply high frequency current and increase the lifetime of the electrolytic capacitors.
This prevents the electrolytic capacitor from being de-rated to increase service life. In
other words, the best combination of capacitor density is obtained and there is no need to
increase the number of electrolytic capacitors to meet the current-ripple requirement
because the film capacitor takes care of a significant portion of the ripple current. In other
words, a hybrid dc link capacitor bank reduces overall energy storage power loss.

6

Figure 1.1

Covering wide range of frequency bands by different energy storage
devices. “After Ref. [35]”

In addition, the thermal resistance of the film capacitor at 2.3ºC/W improves
thermal management of the overall bank. The idea of covering a wide range of frequency
bands with different energy source devices (Figure 1.1) can be extended and applied to
designing the ESS and ICE in general, for example the combining the ESS and ICE in a
way that uses each one over its efficient bandwidth. In addition, power loss reduction and
lifetime increases from use of hybridized sources of energy is a valuable advantage.
However, this design is proposed for solar and wind applications which have different
requirements compared to that of an electrified vehicle.
1.2.3

Impacts of power management on the design of electrified vehicles ESS
The applied method for distributing the load between energy sources is called

power management or control strategy. The method used significantly affects the
problem of sizing energy sources as well as the overall efficiency of the system. Usually
in an electrified vehicle these controls rely on time domain techniques; however, the
7

frequency domain technique has been also used. In the following, a time domain control
strategy is discussed first. Then a frequency-domain technique is reviewed.
1.2.3.1

Lei Wang, Emmanuel G. Collins, Jr., and Hui Li, “Optimal Design and
Real-Time Control for Energy Management in Electric Vehicles”,
Vehicular Technology, IEEE Transactions on 60, no. 4 (2011): 1419-1429.
In [27], the active HESS, including high energy battery and UC, is studied for

applications such as BEV and PHEV. The problem of sizing the battery and UC and
finding a degree of hybridization (DH) is solved for maximizing FE. A control strategy is
developed in real time which consists of battery power reference generation, UC SOC
regulation, and forecast control based on the driver commands. This method is based on
estimating the future power requirement by past power information and current
efficiency. It has been exclusively developed for the All Electric Range (AER) mode.
This article has two sections: off-line ESS size optimization and real time control
strategy for power distribution. In an off-line optimization, to determine the size of the
ESS the simplified ECE40 drive schedule is used which does not have sufficient
accelerations/decelerations to model urban driving behavior. For energy calculation, the
single overall efficiency is considered for the whole system over the entire drive cycle.
To derive the optimization objective function, it has been considered that FE decreases
proportionally to the added ESS mass; however, in reality this relationship is not
necessarily linear. The mass of UC or battery are considered continuous variables;
however, in reality they are discrete variables. Many other assumptions, for example
arbitrary duty ratio for UC operation time, also have been considered in order that the
authors can use the simplified energy equation derived for minimizing the ESS loss.
Therefore, the found solution is may not be an optima. They use fmincon optimization of
8

MATLAB to solve the optimization equation for sizing the component. Three variables
are optimized: DH, degree of hybridization, 𝑛𝑚𝑎𝑠𝑠 , ratio of UC mass to ESS mass and
𝑀𝐸𝑆𝑆 , ESS mass.

𝐷𝐻 =

𝑃𝑈𝐶
𝑃𝐵𝑈 + 𝑃𝑈𝐶

(1.2)

Where PUC, is Ultra Capacitor power during duty ratio of D2, and PBU, is
battery power in the same duty ratio. D1 is proportional to stop time.
𝑇 = 𝐷1 + 𝐷2 = 1

𝑛𝑚𝑎𝑠𝑠 =

M𝑈𝐶
M𝐸𝑆𝑆

(1.3)

(1.4)

MUC, and MESS, are UC mass and ESS mass, so n_mass determines UC mass.

Figure 1.2

Battery power, UC power, and vehicle power for different scenarios for DH: (a) DH =1D2 (b) 0 < DH < 1 - D2 (c) DH=0. “After Ref. [27]”
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Fig. 1.2 Shows DH in different situations. DH only determines the ratio between
PBU and PUC in D2. Therefore, the frequency characteristics of each energy source not
considered for distributing the transient efficiently.
In real time power management, which is the second section of this study, using
past information which is updated every 1 second, the stop interval D1 is estimated and
based on D1, DH is found to minimize the ESS loss and to maximize FE. A downscaled
experiment is also proposed at the end.
The idea of defining and optimizing the degree of hybridizing for maximizing FE
is interesting, but the power distribution is carried out based on a duty ratio. The more
interesting idea would be to define a variable bandwidth which sets the boundary of
operation for each energy source and then solve for the optimized bandwidth value to
maximize the FE. In addition, the PHEV and BEV application is very interesting, but
their share of the US vehicle market is very small. Applying a similar idea to find the
optimal power flow in the HEV will probably have a greater impact on electrifying the
automobile market over the next several decades. Specifically, setting an appropriate
bandwidth for the efficient operation for the engine which, among available energy
sources, has the lowest efficiency in the power-train will have greater impact on FE.
1.2.3.2

Tani, Abdallah, Mamadou Baïlo Camara, and Brayima Dakyo. "Energy
management based on frequency approach for hybrid electric vehicle
applications: Fuel-cell/lithium-battery and ultracapacitors." Vehicular
Technology, IEEE Transactions on 61, no. 8 (2012): 3375-3386:
In [34], two topologies of HEVs are used as references: one is the Fuel Cell (FC)

and UC combination, and the other is the Li-Ion battery and UC combination. In the first
topology, the FC and UC are connected to the bus with a boost converter and a buck10

boost converter, respectively. In the second topology, the battery is directly connected to
the bus while the UC is again connected with a buck-boost converter. For the first
topology, the reason for not using an FC alone is described as follows. The Fuel Cell is
used [35], [36] in the HEV with a Li-Ion battery or an UC [37], [38] because the FC has
low efficiency during low demand. The UC suffers higher cost per watt and slower
dynamics during transients.
In the first section of the paper, the energy sources modeled are the FC, battery,
and UC. A DC-DC buck-boost converter and a DC/AC traction motor inverter are
modeled as well. The main contribution of the work is the distribution of the load
between energy sources in the frequency domain using a low pass filter in the controller.
In the first topology, the block diagram in Fig. 1.3 is proposed for power flow
management between the FC and the UC. The reference current for the UC is created by
subtracting the low frequency portion of load current from the overall load current.
Therefore, the high frequency segment of the load current is assigned to the UC. Then,
polynomial coefficients are found to minimize the static error. A DC link voltage control
is also developed because both the FC and the UC are connected to the bus with
converters. In the second topology because the battery is directly connected to the bus,
the bus voltage is adequately regulated so no voltage control is required. In Fig. 1.4 the
power flow management between the battery and the UC is carried out using a low pass
filter very similar to the method in first topology shown in Fig. 1.3.
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Figure 1.3

Block diagram of UC current control using a low pass filter and polynomial
correctors. “After Ref. [36]”

Figure 1.4

Block diagram of UC and battery current control using a low pass filter.
“After Ref. [36]”

Both topologies have a series-hybrid architecture. The first topology is a good
example of the need to have ESS optimization in a series configuration. Both the Fuel
Cell and the ICE share a common feature in that they exhibit poor performance when the
bandwidth of the load varies.
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For the first topology the Fuel Cell is emulated by a DC source; however the DC
source has almost zero internal resistance and so there is a question about whether it can
emulate the behavior of a FC. In the second topology although the authors classify the
topology as HEV, no engine is applied. Therefore, it can be guessed that they mean
PHEV. In this paper, the main problem is that the cut-off frequency of the filter is
selected arbitrarily to be 0.025 Hz, equivalent to a time constant of 40 s. There is no
analysis to show that this bandwidth is optimal.
1.2.4
1.2.4.1

Optimization studies on the cost of ESS and efficiency of the power-train in
electrified vehicles
Wu, Xiaolan, Binggang Cao, Xueyan Li, Jun Xu, and Xiaolong Ren.
"Component sizing optimization of plug-in hybrid electric vehicles."
Applied Energy 88, no. 3 (2011): 799-804:
The platform in [39] is a PHEV. First the authors describe that because the power-

train of an electrified vehicle is a complex system relying on many components working
together, there is a need to optimize the power-train as a single package. They emphasize
that because the system has nonlinear and non-smooth characteristics relying on
mechanical and electrical systems operating together, the objective function and
constraints are also nonlinear. Therefore, local optima may exist which makes gradient
based methods inefficient. They propose a non-gradient-based optimization method
called Parallel Chaos Optimization Algorithm (PCOA) which works based on the
ergodicity, the stochastic properties, and the regularity of the chaos phenomenon. Like
the genetic algorithm, the PCOA is good at finding optima. The cost of the power-train is
set as the objective function because of the marketability issues associated with PHEVs.
The performance of the power-train is set as the constraints of the optimization problem.
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This is a simulation-based optimization where an advanced vehicle simulator
(ADVISOR) is used as the simulation tool.
For varying the size of the ICE and the motor, a torque scaling factor is used and
for the battery the number of modules and their capacity are used as scaling factors. The
cost function is developed for summation of the costs of the engine, motor, battery, and
battery replacement. Acceleration, gradeability, maximum speed, and AER are also set as
constraints. The standard control strategy of ADVISOR is used; for AER mode the BEV
strategy is used, while for the hybrid mode the charge-sustaining strategy is used. In Fig.
1.5, the impact of properly sizing the components are shown for different AERs.

Figure 1.5

Costs of the major part of power-train are compared for PHEV with
different AER. “After Ref. [39]”

In this paper, first the marketability issue of PHEV has been presented and based
on that it is shown that optimizing the sizes of the major components of the power-train
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minimizes the overall cost. Resolving marketability issues of the HEV is also of interest
because its market share is still very low compared to conventional vehicles.
However, the effect of customized control strategies were not considered in this
study. Therefore, it is not known how sensitive the results are to varying the power flow
management between sources. The model does not seem sufficiently detailed to take the
effect of the efficiency map of each design (and associated components) into
consideration when they change during the optimization process.
The conclusion after reviewing the related prior research reported in the literature
is that in the design of electrified vehicles, the use of an active HESS and the application
of the frequency domain technique for load distribution during the development of an
advanced control strategy may lead to a combination of properly sized hybrid energy
sources with superior vehicle overall performance. Of course after these considerations,
optimization techniques can help find the optimum design for both the performance and
size.
1.3

Research Contribution
The research documented in this dissertation tests the hypothesis that a series

hybrid electric power-train can be realized with high fuel economy but far lighter Energy
Storage System (ESS) than is conventionally found in such vehicles. It is assumed that an
AEM feature is a major contributor to the large ESS and if it is not a requirement for the
reference vehicle, then optimal design of the ESS will result in a different far smaller and
less costly solution. However, the elimination of the additional capacity margin can
expose the engine to drive cycle power variations that reduce the overall fuel economy.
Balancing the design trade between a smaller energy storage system and more efficient
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engine operation requires a sophisticated optimization methodology that is first reported
here.
It is asserted in this dissertation that if there is no AEM, then the role of the ESS
is that of a power filter for the engine, rather than a major source of propulsion energy for
the vehicle. Based on this concept, frequency domain analysis is proposed and used
because it is the classic approach for designing a filter. In this research, a bandwidthbased methodology for designing the energy storage system has been developed.
An investigation of correct Energy Storage Device (ESD) composition and ESS
sizing using the low-frequency load spectrum was conducted. In the first step of the
methodology, off-the-shelf battery modules and ultra-capacitor modules and
combinations of the two were the subject of a parametric study which found the energy
storage option with both light weight and high fuel economy. The series HEV Simulink
model created by Autonomie was customized for this study to include component models
of the ESS and engine and a duty ratio control strategy for the engine. In this lowfrequency analysis, the power-train was excited with a 1-Hz sampled standard drive
cycle. Therefore, the bandwidth of the analysis is limited to the Nyquist frequency of 0.5
Hz. The analysis compares different ESD technologies (battery cells and ultra-capacitors)
and even hybridized options (i.e., combinations of the two) in terms of fuel economy and
weight. It showed that there are high power battery technologies which can be candidates
for further minimization analysis.
However, two constraints on the first study were recognized which prevent further
minimization. The custom control strategy used in the first study had three engine
operating points with pulse-width modulation (PWM) used between them to balance
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power. Although this strategy successfully prevented deviation of engine operation into
inefficient portions of the brake-specific fuel economy map and allowed the ESS to do its
filtering job, there is a cost in that a residual energy storage capacity (which can be
thought of as an unintended AEM) is required when the engine idles or is turned off to
balance power. This is equivalent to the ESS supplying the low-frequency harmonics
required to balance the PWM of the engine, which inflates the size of the ESS due to the
significant power density in the low end of the bandwidth. To resolve this constraint,
additional research is carried out that will further reduce the size of the ESS by
employing a hybrid engine control algorithm that blends PWM with proportional control
with the goal of zeroing the spectral energy supplied by the battery at the very low end of
the power-train load bandwidth. Thus, engine power will replace battery power at very
low frequency which will be used in an optimization study to shrink the size of the
battery while quantifying the impact on the overall vehicle fuel economy.
To make it possible to shrink the battery by small increments of cells, it is
necessary to resolve another constraint. In the parametric study done for this report, a
passive ESS was considered which forced using a minimum number of cells or modules
to meet the DC bus voltage requirement. This constraint adds unwanted capacity and
mass to the ESS. The voltage constraint will be removed for the optimization study by
replacing the passive ESS with an active ESS. An abstract bidirectional DC/DC converter
model has been added to the ESS model which allows the high voltage DC bus to be
mated to an independent number of series cells in the ESS. As a result, fewer cells than
the minimum allowed with the passive ESS can be selected during optimization which
leads to a lighter ESS.
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Making the bandwidth of the engine controller (BW) a variable for use as an
optimization parameter requires a hybrid engine-generator controller blending PWM with
proportional control. This model has been developed which includes two levels of
control. In the higher level, a state-machine with four states of engine operation is
proposed in accordance with four possible driving conditions: idle, city, highway, and
rated speed. The nominal power associated with each state was estimated based on
standard drive cycle and vehicle specifications. The controller uses statistical tests to
recognize the general behavior of the driving cycle (e.g., urban, highway, rated speed),
and makes state changes as necessary. At the lower level of control, a proportional
controller is developed which allows the engine-generator to follow the load with
bandwidth below BW in order to zero that component of the battery current which is
below BW. This strategy reduces the low frequency power variations in the ESS which
allows additional size reductions as compared to the parametric study. The value of BW
and the size of the battery are design variables which will be optimized with an algorithm
maximizing fuel economy. A software tool to do this has been developed using the
Simulink-based vehicle model and a novel optimization algorithm that calls Simulink
models. Next, the design space for sizing the ESS has been bracketed between the
minimum size required for acceleration and the maximum size found with a passive ESS.
A Pareto Frontier, including optimized costs and fuel economy, is computed that covers
the entire defined design space by using both bandwidth-based and engine duty ratio
control strategies.
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1.4

Organization of the dissertation
This dissertation is organized as follows: Chapter 2 introduces the concept of

bandwidth based methodology. Chapter 3 presents the parametric study over different
sizes of ESS either hybrid or non-hybrid which results in a hybrid electric vehicle with
minimal energy storage system given the assumptions. Chapter 4 proposes an advanced
bandwidth-based control strategy to actively control the bandwidth of ICE operation and
this chapter also validates the performance of the controller in a SHEV sports car
example. Chapter 5 achieves the Pareto Frontier, including both maximized FE and
minimized EES cost, for a SHEV with limited AEM. Chapter 6 presents the conclusions
of the dissertation.
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CHAPTER II
BANDWIDTH CONCEPT FOR DESIGNING HYBRID ENERGY STORAGE
SYSTEM OF A HEV

2.1

Introduction
The concept of bandwidth-based methodology is presented in this chapter. First,

the characteristics of power-train energy sources such as Internal Combustion Engines
(ICE), Fuel Cells (FC), batteries, and capacitors are compared from the aspect of
frequency response. Next, the definition of bandwidth for each energy source is clarified.
Then, by doing an experiment on a concept HEV, the load characteristics of a power-train
is specified and transformed into the frequency domain. Analyzing this data shows the
potentialfor a bandwidth based method of designing the energy sources in the powertrain. At the end, the configuration of the hybrid combination of energy sources is
presented in general form.
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Ragone plots: energy-power specification of various energy sources. “After
Ref. [40]”

Bandwidth of energy sources
“Series” is a type of architecture for an HEV power-train in which the engine,

generator, and motor are placed on a direct energy line. The generator transfers the ICE
mechanical power to the DC power bus and the motor transfers the electrical power
available on the DC bus to the final drive axle and wheels. The ESS is on the DC power
bus and delivers/absorbs the energy to/from the motor. In order to design the power train
for a series HEV (SHEV), different components are available. In a Ragone plot (see
Figure 2.1), energy sources are characterized by the energy and the power they can make
available to a load. As shown on the plot, Internal Combustion Engines, batteries, and
possibly capacitors are available energy sources. The ICE can also be replaced with a
Fuel Cell. The power to energy ratios are shown by cross lines in units of Hertz which,
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while not exactly representing the efficient bandwidth, to some extent indicates the
available frequency range of operation for each energy source. In the following sections,
the definition of bandwidth is reviewed for each potential energy source in the power
train.
2.2.1. Bandwidth of ICE
In a conventional vehicle, to meet the entire bandwidth of power-train load, the
operating point of the ICE may vary over the displayed map in Figure 2.2. Therefore, the
overall efficiency corresponding to the efficiency of the average load is expected.
The white spot on the ICE efficiency map represents the efficiency at average
load when a driver drives in an urban area. In contrast, in a SHEV with some available
ESS, the fixed operating point like the one displayed as a dark spot on the ICE efficiency
map can be accomplished. The dark spot with 𝑃𝐺𝐵𝐸 power and 𝜂𝐵𝐸 efficiency is the ideal
operating point for the ICE because the largest efficiency of 35% is achieved. In other
words the bandwidth of ICE operation–meaning the variation of the ICE power in the
time domain‒is controllable from DC to the full bandwidth of the power-train load.
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Figure 2.2

2.2.2

Engine operating point on engine efficiency map

Bandwidths of battery/capacitors
The battery can be modeled simply with a nonlinear capacitor, CX, and an internal

resistance, RDC, like shown in Figure 2.3. The capacity of the nonlinear capacitor is
proportional to the capacity of the battery in Ampere hour. Depending on the bandwidth
of application, series RC networks can also be added in order to model the transient
behavior of the battery, which is not shown in the figure. A linear capacitor can be
estimated as a surrogate for the nonlinear one, by linearizing around a specific operating
point. Therefore, the battery model can with the assumptions given be represented as a
simple linear RC network. Figure 2.4 also shows the first order model of a typical
capacitor such as an ultracapacitor which is a simple RC network.
Because batteries and UC have similar models, the following analysis is carried
out on Figure 2.4 to explain the concept of bandwidth for both. In the Laplace domain,
the transfer function of the ratio of voltage drop across the resistor to output voltage and
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the transfer function of the ratio of capacitor voltage to the output voltage can be
expressed by:
𝑉𝑅 (𝑠)
𝑅𝐶𝑠
=
𝑉𝑜𝑢𝑡 (𝑠) 1 + 𝑅𝐶𝑠
− 1)

(2.1)

𝑉𝐶 (𝑠)
1
=
𝑉𝑜𝑢𝑡 (𝑠) 1 + 𝑅𝐶𝑠
(2.2)
− 2)
When AC power is requested at the output of the RC branch, the ratio of voltage

across the capacitor to the output voltage varies depending on the frequency of the
applied power signal. For lower frequency this ratio is almost unity and no drop in
magnitude is observed; however, at f =

1

, the so called -3 dB cutoff frequency, the

2πRC

magnitude across the capacitor is reduced by 1/√2. It is natural that for the same
magnitude of power (the same AC current and AC voltage), when the frequency
increases, the capacitor voltage decreases; consequently, the resistor voltage increases to
meet Kirchhoff’s Voltage Law. Therefore, when the RC branch represents an energy
storage device such as a battery or an UC, operating beyond the -3 dB cutoff frequency
incurs considerable energy dissipation and as a result the efficiency of energy storage
drops significantly. The three different lines in Figure 2.5 show this relationship using
Bode plots of different RC branches. These RC branches are Bode plots of the

VC (s)
Vout (s)

transfer function for a typical high power battery, a high energy battery, and an UC.
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Bandwidths of a high power battery, a high energy battery and an UC
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2.3

Bandwidth of the power-train load
The United States Environmental Protection Agency (EPA) designs standard

drive cycles which simulate city (UDDS), highway (HWFET), and high acceleration
aggressive (US06) driving conditions. They are usually vehicle speed profiles sampled at
1 Hz over a certain period of time. Since a real drive schedule is random, the published
drive cycles are only examples useful to show the hypothetical performance of a vehicle.
They also do not specify the full bandwidth of the load because of limited
sampling rate. In reality, the full bandwidth of instantaneous power on the DC bus can be
determined via measurement with sufficient sampling rate. The data illustrated in Figure
2.6 through Figure 2.8 were collected empirically on a chassis dynamometer using a
series-hybrid-electric Chevrolet concept car built by the Center for Advanced Vehicular
Systems at Mississippi State University for the Department of Energy (DoE) EcoCar
competition. The MATLAB Fast Fourier Transform (FFT) function is used to transform
the time-domain data into the frequency domain.
The displayed instantaneous power is represented in Fourier series form by
summation of a DC value and sinusoidal waveforms. The amplitudes and frequencies of
sinusoidal waveforms are estimated by Fourier transform. Lengths of arrows in Figure
2.6 represent magnitudes and the locations of arrows show the frequencies in the
following Fourier series equation.
∞

𝑃𝐷𝐶−𝑏𝑢𝑠 (𝑡) ≈ 𝑃0 +

𝑃𝑛 𝑠𝑖𝑛(𝜔𝑛 𝑡 + 𝜑𝑛 )
𝑛=1
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(2 −

(2.3)

Where ω𝑛 = 2𝑛𝜋∆𝑓; ∆𝑓 =

𝑓𝑠
𝑘

; 𝑓𝑠 is the sampling frequency; and 𝑘 is the number

of sampled points. In this case, 𝑓𝑠 = 40 𝑘𝐻𝑧 is used for measurement.

Figure 2.6

Instantaneous power for UDDS drive cycle (result of test on EcoCar1
vehicle); frequency: 0 to 0.5 Hz.

Note: Lengths of arrows represent magnitudes and the locations of arrows show the
frequencies in the Fourier series equation (2.3).
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Figure 2.7

Instantaneous power for UDDS drive cycle (result of test on EcoCar1
vehicle); frequency: 0.5 to 5 Hz

Figure 2.8

Instantaneous power for UDDS drive cycle (result of test on EcoCar1
vehicle); frequency: 10 to 20000 Hz

28

Therefore, instantaneous power at the output of the energy sources is a complex
time-domain waveform represented in the frequency domain with a wide bandwidth.
Hence, in order to design an efficient HESS for HEV’s, suitable energy sources should be
selected by linking the bandwidth characteristics on a Ragone plot/Bode plot to the load
bandwidth formulated in (2.3) and displayed in Figures 2.6 to 2.8. Therefore, referring to
Figure 2.1 and 2.5, an ICE is efficient for DC, a high energy battery is good up to a few
mHz, high power batteries are typically useful for less than tens of mHz; UC are suitable
for a frequency band of tens of mHz to hundreds of mHz; Electrolytic capacitors are
efficient for a frequency band of hundreds of mHz to a few kHz; and film capacitors are
good for a few kHz to tens of MHz.
In a generalized form, the HESS schematic of Figure 2.9 is proposed where three
capacitor branches are for modeling the film, electrolytic and UC; and two branches
represent two different battery chemistries (one power dense and the other energy dense).
Full bandwidth traction power loadings are represented by a current source at the output.
A dc current source also is shown on the left to model the engine operating point; a small
number of discrete operating points are considered for the engine to improve fuel
economy (refer to section 2.2.1). In Figure 2.9, UC and battery values are shown referred
to the high-voltage bus taking into consideration the possibility of using dc/dc converters
to interface to the bus.
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Figure 2.9

Overall diagram of HESS

The methodology of bandwidth-based HESS design is based on two distinct
methods, one for the frequency band in Figure 2.6 and one for the frequency band shown
in Figure 2.7 and 2.8. However, in this document, the concentration will be on the former
which includes sizing and operation problems of energy sources such as ICE, battery, and
UC. For the latter, the results are reported in [41] and are not discussed in this document.
In the reported work [42], the impacts of designing appropriately sized high bandwidth
energy sources‒such as electrolytic and film capacitors‒on the power loss of the ESS
including high energy battery and UC are described. In Chapter 3, using a duty ratio
control strategy, the proportional control of the ICE output is avoided. Through a
parametric study to size a passive HESS to achieve the highest fuel economy, the best
chemistry and size of passive ESS are found. In Chapter 4, an advanced bandwidth-based
control strategy will be developed that extends the bandwidth of the ICE in favor of
battery minimization.
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CHAPTER III
HESS DESIGN ANALYSIS: PARAMETRIC STUDY

3.1

Introduction
Since 1900 when Dr. Porsche built his HEV [13] until now many different HEV

designs have been proposed. During these years, depending on petroleum price and
policies [43] [44] [45], strategies for building commercially successful HEV’s have
changed. In recent years, various levels of hybridization in the form of micro, mild,
medium and full HEV have been produced [46]. Only the full HEV in the list of possible
choices (hereafter called HEV in this text) has full power assist from the ESS and can
have a variable all-electric-mode (AEM). The Plug-in HEV (PHEV) and the pure battery
electric vehicle (BEV) are capable of absorbing energy from the electric grid, and are in
production. Although electrified vehicles in general with high fuel economy look very
attractive, they represent only around 4% of the US vehicle market in 2013 [47]. One
reason is electrified vehicles typically have large and costly ESS that also represent the
biggest future durability issue not found on a conventional vehicle with attendant cost of
ownership impacts. The parallel HEV, with a smaller ESS, is not surprisingly the major
contributor to electrified vehicle sales with an almost 90% share. The conclusion is that a
smaller ESS leads to potentially greater consumer acceptance. Yet higher consumer
acceptance might be expected by delivering larger vehicles with fuel economy
significantly better than the alternatives.
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Available manufactured HEV’s mainly rely on the parallel HEV power-train
which couples road load variations into the engine which results in a less optimal
utilization of the engine efficiency map by the engine control strategy. However, in a
series power-train, the engine is mechanically decoupled which enables greater
independence between the road-load variations and the engine control strategy. With an
appropriately designed ESS there is the opportunity to maintain the engine performance
within a narrower and efficient region of the engine map regardless of road load
variation.
In this chapter, first, using existing validated power-train simulation software
(Autonomie), a reference series-power-train architecture HEV is modeled. Then, the first
analysis of a bandwidth based methodology is developed which leads to a straightforward
method for the power-train model to be used to conduct a selection study of the two low
frequency components (battery and UC). In the study reported in this chapter,
proportional control of the ICE is avoided.
3.2

Reference vehicle specifications
Figure 3.1 illustrates the architecture of the reference vehicle in which the Subaru

EE20 diesel engine [48] is the main source of energy coupled with one axial flux
permanent magnet (AFPM) generator, the YASA-400 [49]. The HESS is charged by the
generator and operates as an intermediate energy buffer for a traction motor, which is
another YASA-400. The power rating and other specifications of the main components of
the power train are shown. In Autonomie, each component is defined by a behavioral
model in the Simulink environment and Autonomie couples these models together to run
an overall model of the vehicle over selected drive cycles (Figure 3.2). An existing series32

hybrid mid-size vehicle model is modified for this study. For engine modeling, a
validated Prius model available in Autonomie is scaled up to 110 kW to reflect the
ratings of the Subaru engine. For the generator and motor, the YASA-400 efficiency map
data and other specifications of the machine are extracted and used for modifying an
available machine model in Autonomie. Next, a modified control strategy is applied in
state flow environment (Figure 3.3). Three fixed engine operating points are used for the
engine control strategy. They are (1) an idle mode (no load); (2) a high efficiency
operating point, and (3) a wide open throttle (WOT) operating point. One of the three
operating points is selected by the controller depending on battery state of charge (SOC).
The idle operating point is selected when the battery SOC is high enough to provide
energy to the propulsion motor for a while. If the SOC falls below the first low threshold,
mode two is selected to recharge the battery to the first high threshold; in this way the
engine operates at an efficient or high Brake Specific Fuel Consumption (BSFC)
operating point. If the SOC goes below a second low threshold, operating point three is
activated to supply the load with maximum power from the engine which simultaneously
charges the battery back to a second high threshold.
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Figure 3.1

The series-hybrid architecture of the reference vehicle

Figure 3.2

Series architecture of the reference vehicle in Autonomie
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Control strategy state flow diagram

Parametric study for selecting light and efficient ESS
The cost of the battery in an HEV is still high, so any solution for selecting a

smaller capacity, lighter battery reduces the total cost of the vehicle. A HESS which ends
up with a minimum battery size is called a “battery light” solution. For minimizing the
size, one method is to use optimization algorithms. However, because of power-bus
voltage constraints in the passive configuration, the size of the battery or the UC string is
not a continuously variable parameter which can be set as an optimization variable, but a
discrete variable instead. One efficient method for testing for alternatives is to carry out a
parametric study over available options which meet the voltage constraints. In this study,
a parametric study has been carried out for finding the best available ESS solution. The
basic idea is to vary the number of parallel strings and compare fuel economies of the
vehicle. Using every possible practical combination of strings from Table 3.1, three
possible configurations of battery only, UC only, and combined battery and UC are
compared. The upper range of dc voltage of the motor controller recommended for the
YASA-400 is 400 V. This is the limiting factor which determines the maximum high line
voltage of the ESS. Two Gen4 motor/generator controllers from Sevcon [50] are used to
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control both the YASA motor and generator. Battery or UC behavioral Simulink models
in the Autonomie library were updated with information from Table 3.1. In the next two
sections, a commercially available string of UC and the commercially available strings of
batteries are examined, respectively.
3.3.1

One string of UC
Referring to the bus voltage constraint, one string of UC can be sized. From the

Ragone plot and also from data available in the UC manufacturers’ data sheets, 1 Hz is
the assumed bandwidth limitation of UC’s. Therefore, the largest demand at 1 Hz is
considered as a reference for sizing one string of 400 VDC UC. Among standard drive
cycles, US06 is the most aggressive with harsh accelerations and decelerations.
Therefore, the power draw from the motor associated with the US06 drive cycle, which
contains a peak power of almost 100 kW, is used to size the UC bank.
Maxwell UC cells are used in this study, so the manufacturer’s instruction for
finding the number of cells and the capacitance of cells is used. In (3-1), WUC is the
energy requirement which in this case is 30 Wh. Ur is the high line voltage set to 384
VDC because the 384 VDC is the maximum voltage that can be built with both available
battery modules (100% charged) and available UC modules (100% charge). This
maximum voltage is the largest that the passive connection of available components can
achieve while remaining below the maximum voltage of 400 VDC imposed by the motor
drive. K is the factor which determines the ratio of low line to high line voltage. K = 0.5
is the value recommended by the manufacturer [51]. From (3.1)
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𝐶0 𝑈𝑟2 (1 − 𝐾 2 )
𝑊𝑈𝐶 =
2(3600)
− 1)
1.95 F is computed for C0; however, considering the manufacturer’s

(3.1)

recommended margin and also based on available cells (650F, 2.67V), the overall
capacitance of 4.51 F is the closest minimized option. 144 650-F cells are used in series
to create one string of 384 VDC UC. In Table 3.1, additional specifications for the string
of UC are listed.
3.3.2

One string of batteries
Lithium-ion chemistry is recognized as one of the best solutions for current and

future EVs and HEVs because of its characteristic high energy and power density. Also,
nickel metal hydride (NiMH) batteries are widely used by manufacturers [42]. There are
several manufacturers which make Li-ion and NiMH cells; however, the number of
options available in the form of modules or packages which have built-in cell balancing
function are limited. Selected for consideration here are NiMH prismatic cells from
Panasonic used in the Prius, ANR cylindrical cells from A123, and AMP14 prismatic
cells from A123 because they come in packaging with balancing specifications. For each
of these three options the specifications of the lightest 384 VDC string are shown in
Table 3.1. The lightest strings have the lowest costs, and obviously the lowest capacity,
so if more power or energy is required one or more strings with the same specifications
must be added in parallel. Therefore, battery strings listed in Table 3-1 are the smallest
units which fulfill the voltage requirement. When evaluating the battery options, 384
VDC is the targeted maximum voltage of each string when it is fully charged because the
Gen4 controller can be used to charge to 100% SOC. Having identical voltage ratings for
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the battery and the UC strings allow them to work in parallel using the full SOC range of
both.
Table 3.1

UC and batteries strings

Specifications
Cell maximum voltage (V)
Cell nominal voltage (V)
Number of cells in modules
Number of modules in series
Total number of cells
Nominal Voltage (V)
Maximum Voltage (V)
Estimated Cells Mass (kg)
Estimated Package Mass (kg)
Energy capacity (kWh)
Continuous power (kW)
Power in 1 sec (kW)

3.3.3

UC#1
2.83
2.67
6.0
24.0
144.0
384.0
407.7
30.2
14.6
< 130

ANR#1
3.6
3.3
26/27
4
106
349.8
381.6
8.1
16.1
0.87
17.5
>42

AMP#1
3.6
3.2
26/27
4
106
339.2
381.6
54.06
108.12
4.75
51.2
>112.15

NiMH#1
1.55
1.2
6.0
41.0
246
295.2
381.3
41.82
83.64
1.9
26.53
-

HESS parametric study results
Figure 3.4 shows the result of the parametric study performed by comparing the

combined fuel economies of the vehicle with different ESS’s. Combined fuel economy is
defined as a weighted average of 55% city driving (modeled with the UDDS drive cycle)
and 45% highway driving (modeled with the HWFET drive cycle). Fuel Economy (FE) is
the ratio of traveled distance in miles and consumed fuel in gallons. On the horizontal
axis the type and number of strings is shown; as an example “ANR#2UC#1” represents
two parallel strings of ANR cylindrical cells from A123 in parallel with one string of UC
from Maxwell. In the ANR case, it is shown that when the number of parallel strings goes
up, the fuel economy goes up as well until a peak happens at five strings.
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Figure 3.4

Combined fuel economy for possible ESS options for the reference vehicle
110-kW power-train

After this point, the negative impact of added weight on fuel economy outweighs
the benefits of extra power and as a result a reduction in combined fuel economy is
observed. This trend is clearly seen with the first three UC options.
However, the option with the highest fuel economy is not necessarily the best
solution because the additional cost of adding a string must be considered. Therefore,
there is always a tradeoff between increasing fuel economy and minimizing the cost and
weight of the HESS. From Figure 3.4 it can be argued that it is not worth investing
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money for additional strings to achieve only one MPG of additional fuel economy. Also
given the minimal AEM strategy pursued in this research, a lighter, less costly battery
option is desired if fuel economy is not affected too much. Pursuant to this argument,
four options are selected for further study; these options are numbered one through four
in Figure 3.4.
In a series HEV where the role defined for the battery is filtering, increasing the
battery bandwidth also increases the fuel economy. The battery options in Table 3.1 are
in the class of high power density where higher bandwidth is available. Among these
options ANR and AMP respectively cover the lowest and highest bandwidth. The
following analysis will assist understanding the results in Figure 3.4 achieved for the
hybrid cases. In [34], the ratio of magnitude of battery current to the magnitude of load
current for a passive HESS is derived as (3.2) below:

|𝐻𝐶 (𝑗𝜔)| =

1 + (𝜔𝐶𝑟𝐶 )2
1 + 𝜔𝐶(𝑟𝐵 + 𝑟𝐶 )

2

(3.2)

Where 𝐶 is the UC capacity, 𝑟𝐵 is the battery resistance, and 𝑟𝐶 is the UC
resistance. In the ANR#2UC#1 case, by drawing the bode plot of (3.2), the cut-off
frequency of UC filter is found to be 0.019 Hz. Therefore, referring to Figure 2.6, the
more significant portion of the power spectrum is filtered by the UC, which has lower
internal resistance. This explains why the hybridized ANR#2UC#1 case is more
successful than other hybridized options. Similar analysis of the AMP#1UC#1 case
shows the UC filters the portion above 0.15 Hz, which, again referring to Figure 2.6, is
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not a significant portion of the power spectrum. This explains why the pure AMP ESS
inherently has the better performance per weight as compared to its hybridized version.

Figure 3.5

Combined fuel economy for best ESS options – 110 kW reference vehicle
and 57 kW reference vehicle

For the reference vehicle specification, the average power of the UDDS and
HWFET drive cycles are around 4 kW and 10 kW respectively. A gradebility
requirement of 30 kW is also considered for this vehicle. Therefore, a 110-kW engine
with continuous power of 55 kW is over-sized. Although the control strategy in this car is
based on duty cycling the engine with a fixed high efficiency operating point (20 kW),
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the corresponding BSFC for the same fixed power is higher when a smaller engine is
used.
Figure 3.5 compares combined fuel economies for the assumed Subaru 110-kW
engine with the Prius 57-kW engine. For every option the fuel economy increases
significantly with the smaller engine, so the results will clearly improve by reducing the
engine size to better match the average-power required by the reference drive cycles with
the reference vehicle. This is considered a major objective of the battery light option,
namely to match average power required by the drive cycle with the most economical
production of that average power from the engine. In this strategy, the role of the HESS is
to minimize power cycling the engine, not to supply all electric mode.
An issue arose with the pre-defined definition of a combined battery and UC
HESS in Autonomie. In the standard Autonomie library a power converter is used to
integrate the UC to the common bus. The scope of the study in this chapter covers only
passive integration of all energy storage components to the common bus and so it was
decided to forego the pre-defined Automomie HESS model in favor of a custom model
created in Simulink and manually integrated into the Simulink model that Autonomie
otherwise creates automatically. The HESS model reflecting only passive
interconnections (i.e., without power converters) is shown in Figure 3.6 [43]. The results
shown for the hybrid ESS (UC plus battery) in both Figure 3.4 and Figure 3.5 are
achieved using the custom Simulink model.
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Figure 3.6

3.4

ESS power Simulink model

Experimental work
A test apparatus or “emulator” representing the reference vehicle in Fig. 3.1 (the

reference vehicle in this chapter) has been built for design validation as shown in Fig. 3.7.
The emulator has been driven on the full chassis dynamometer at the Center for
Advanced Vehicular Systems (CAVS) at Mississippi State University with results shown
in Fig. 3.8 to Fig. 3.10.
The ESS prototype is the battery pack built with AMP14 cells which provides
energy to the YASA-400 drive. The 320-V battery pack includes four 80-VDC AMP14
modules from A123. The overall capacity of the pack is 4.5 kWh. The charging capacity
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of the battery pack prototype determines the engine operating point, which in this case is
identical to a duty ratio control strategy. For this battery pack, 20 kW is a safe charging
operating point; therefore, the engine controller operates using pulse width modulation
between 20 kW and almost zero power while in the idle mode. An EE20 110-kW Subaru
diesel engine is used for this experiment. In simulation this engine is modeled by a scaled
up version of a 66-kW Volkswagen diesel engine.

Figure 3.7

Emulator set up for testing SHEV design on Dynamometer.

A stock microprocessor based controller from Woodward with instruction
speedup to 80 MHz is used. “Speedup” is a metric for relative performance improvement
when executing a task. The programming environment is Matlab Simulink and all
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debugging is done with Woodward MotoTune software. The control of the emulator is
implemented using three operator inputs, a system state machine, and several outputs.
The operator commands the start of the engine via a digital signal using an external
switch and commands a positive and negative acceleration via accelerator and brake
analog inputs, respectively. The system state machine tracks the state-of-charge (SOC) of
the battery and whenever the SOC falls below a minimum threshold it commands a
constant power by commanding the generator using a controller area network bus
(CANbus) to apply an opposing torque on the engine and regulating the engine speed via
a (0V-5V) analog throttle signal. The state machine returns the engine to idle and the
generator to no load when the SOC rises above a maximum threshold.
The emulator has been driven on the dynamometer for 282 s over a UDDS drive
cycle. Vehicle power losses, rolling resistance, and aerodynamic drag significantly affect
the traction power at the output of the YASA-400 motor.
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Figure 3.8

Traction power at the output of electric motor.
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Figure 3.9

Traction power at the input of electric motor.

Figure 3.10

Battery state of charge in percent.
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Figure 3.11

Generator Electrical power.

Figure 3.12

Energy storage power.

In this test, rolling resistance and drag coefficient are tuned in the simulation
environment to match the traction output energy for both cases (see Appendix I). The two
waveforms in Fig. 3.8 have the same energy, but because the simulation model benefits
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from having an ideal algorithm for tracking the drive cycle, the power waveform is
smoother. The driver’s human error and accelerator/brake pedal sensitivity are
responsible for the harsher acceleration and deceleration in the experimental case. The
low and high SOC thresholds are 50% and 60% respectively. Electrical representation of
the requested power in the urban drive cycle is observed in Fig. 3.9 at the DC input of the
motor. By comparing SOC (Fig. 3.10) with SOC low and high thresholds, the controller
distributes the load between the generator and ESS. For almost 100 s, the ESS solely
provides the load in all electric mode (see Fig. 3.12). After the SOC reaches the minimum
threshold of 50%, the controller opens the engine throttle and the generator starts
transferring energy to the DC bus (see Fig. 3.11). Until 200 s, the engine is charging the
battery to its maximum threshold. However, before the SOC maximum is reached, a
heavy load is requested, so the ESS joins the engine to provide the load. In the worst case
in Fig. 3.10, the SOC of the simulated model follows that of the experiment with less
than 3% error. Battery power is also compared which is in reasonable agreement (Fig.
3.12). The power profile from the battery clearly shows that the battery acts like a filter
allowing the engine to operate at an efficient operating point.
Fig 3.13 compares the overall efficiency of each component in experiment and
simulation. The differences in engine efficiencies can be explained by the use of a
different model in simulation compared to the EE20 diesel model. However, because in
this chapter and the rest of the document a validated model of a 57-kW gasoline engine is
used, this difference will become minimal. The fuel consumptions in both cases also have
been measured and computed. In the experiment 0.34 kg of diesel fuel is consumed. In
the simulation 0.33 kg diesel fuel is consumed.
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The conclusion drawn from the experimental testing is that the component models
and the resulting vehicle simulation can be trusted to produce correct results. This
validation is helpful in building confidence in the results calculated and the conclusions
drawn in the next two chapters.

Figure 3.13

The chart compares the average efficiencies of power-train components for
experimental and simulation results over the test time.
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CHAPTER IV
BANDWIDTH-BASED CONTROL STRATEGY FOR A SERIES SPORT HEV WITH
LIGHT ENERGY STORAGE SYSTEM

4.1

Introduction
A parametric study on the size of the ESS for a mid-size SHEV was carried out in

Chapter 3 which resulted in a 4.5 kWh ESS. A customized duty-ratio controller was
developed to handle the “HEV light” power-train energy management. In this chapter, the
goal is to electrify a Subaru BRZ concept sports car in the series hybrid configuration.
The reason this example is performed is that such a sports car has a physically limited
space allocation for the ESS, which causes a severe challenge to applying the previously
developed duty ratio control strategy. A new control strategy is required because, as it
will be explained later, duty ratio control imposes limitations on managing the much
smaller ESS. The literature classifies power management of electrified vehicles based on
either the type of EV or type of applied method. For the former, the power management
problem is reviewed for series, parallel, series parallel, and power split HEV’s [54] and
PHEV’s [55], [56], [57]. For the latter, applied methods include control strategies
classified either as rule-based or optimization-based methods. Rule-based methods are
usually implemented with a state machine operating with variables such as SOC and
engine on/off. In this case, controller parameters are set in advance [58], [59], [60] and
may be adjusted in real-time with a fuzzy logic algorithm [61], [62]. In contrast with rule51

based methods, which are optimized at the component level, optimization-based methods
all the controller to achieve optimal overall vehicle performance. To develop optimal
control, they may use regular dynamic programming [63], stochastic dynamic
programming or equivalent consumption minimization [64], genetic-fuzzy [65], particle
swarm [66], and [67], or Pontryagin’s minimum principle [68], or neural network [69]
algorithms.
In the cited references above, power flow distribution between sources of energy
in the power train are based on either sharing the period of operating time or sharing the
requested power instantaneously, for example with a hybridizing factor [70]. However, it
is more efficient that the load be shared between energy sources based on the frequency
characteristics of each energy source. In [71], two different series configurations are
considered: Fuel cell+Capacitor and Battery+Capacitor. Load sharing between energy
sources is carried out in the frequency domain with a polynomial correction method. The
frequency of the low pass filter which has been used to assign spectral power to the
capacitor branch is set by a fixed time constant. Inspired from this literature on power
management, in this chapter a controller is developed that allows a hybridized Subaru
BRZ to be realized with a light ESS. The controller includes a duty cycling feature that
manages the engine performance in multiple efficient regions and a bandwidth-limited
proportional controller that limits low bandwidth battery current around each engine
operating point.
The performance of the controller has been validated for a SHEV power-train
model with an 80-VDC, 1.125-kWh battery, plus an 80-VDC, 46.4-F ultracapacitor
module using a customized Autonomie vehicle model. The results show that the
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combined FE of the new design is increased by 13 percent comparing to the
corresponding FE in the equivalent conventional vehicle.
4.2

Engine duty ratio control
Engine duty ratio control was used in Chapter 3 for the reference vehicle in the

parametric study. In this section, first the efficiency benefits of this control are described
conceptually which is helpful to review before developing a new controller. Then the
limitations of this control as a light battery solution are explained.
4.2.1

Engine duty ratio control and efficiency
Here the concept behind the duty ratio control is described. If sufficient ESS is

available on the power train, engine duty ratio control is a method for increasing the
overall efficiency. The following analysis shows the comparison between engine duty
ratio control in Fig.3.3 and full proportional engine control. Engine power 𝑃𝑐 consumed
with proportional control in a conventional vehicle is estimated by (4.1).

𝑃𝑐 =

𝐸{𝑃𝑀 }
𝜂

(4.1)

Where 𝐸{𝑃𝑀 }, is the average output power of the generator, and η is the enginegenerator overall efficiency at average power. For the reference vehicle, the city drive
cycle average power is shown in Fig. 4.1.
On the other hand, power consumed by the engine with the duty ratio control
strategy, 𝑃ℎ , is estimated by (4.2).

𝑃ℎ = 𝐷 ×

𝑃𝐺𝐵𝐸
𝑃𝐼𝐷𝐿𝐸
+ (1 − 𝐷) ×
𝜂𝐵𝐸
𝜂𝐼𝐷𝐿𝐸
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(4.2)

where 𝜂𝐵𝐸 is the engine-generator overall efficiency in mode 2, PGBE is the engine
power in mode 2, and D is the duty cycling ratio where 𝐷 =

𝐸{𝑃𝑀 }
𝑃𝐺𝐵𝐸

. For the reference

vehicle, mode 2 power is shown with a white circle on Fig. 4.1. 𝜂𝐼𝐷𝐿𝐸 is the engine
efficiency during idling. 𝑃𝐼𝐷𝐿𝐸 , is negligible, so (4.2) can be written like (4.3).

𝑃ℎ = 𝐷 ×

𝑃𝐺𝐵𝐸
𝜂𝐵𝐸

(4.3)

Fig. 4.1. shows that 𝜂𝐵𝐸 ≫ 𝜂; therefore, for the same drive schedule such that
𝐸{𝑃𝑀 } = DPGBE, comparing (4.1) with (4.3) shows that 𝑃𝑐 ≫ 𝑃ℎ . When duty ratio control
strategy is utilized, significantly less energy is consumed by the engine for meeting the
same drive cycle, so engine efficiency is considerably higher and higher fuel economy is
achieved. This effect can be approximated in conventional vehicles using a method of
driving popularly known as “pulse and glide” [http://en.wikipedia.org/wiki/Energyefficient_driving].
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Figure 4.1

4.2.2

Engine operating point on engine efficiency map using engine duty ratio
control

Limitations of duty ratio control strategy
Based on the results in Chapter 3, a 4.5 kWh 360 VDC battery is nominated as

one of the best candidates. The battery pack includes 100 AMP14 Li-Ion prismatic cells
from A123 with total cell weight of 50 kg. In this chapter, a conventional Subaru BRZ
sport car is being hybridized. The space allocation is one fourth of the original battery
size,

4.5 𝑘𝑊ℎ
4

= 1.125 𝑘𝑊ℎ, which already was found for the mid-size vehicle through a

parametric study. Therefore, the target here is to hybridize a BRZ power train with a
1.125 kWh ESS. The challenge is to design a viable series hybrid power train with
extremely light ESS. If the strategy in Fig. 3.3 is used, in engine-off mode the ESS is
responsible for providing for the load independently. Typical load request at the ESS can
be fairly estimated by exciting the power train of the reference model in Fig. 3.1 with a
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published drive cycle such as the city drive cycle (UDDS) or the highway drive schedule
(HWFET). A case study has been carried out for a reference vehicle in city driving
conditions. The time domain power signal of the ESS is transformed to the frequency
domain using the Fast Fourier Transform (FFT). By using the magnitudes at each
frequency, computed via the FFT algorithm in MATLAB, the approximate Fourier series
of the ESS power can be written as (4.4).
∞

P ESS (t) ≈ P0 +

Pn sin(ωn t + φn )
n=1

(4
(4.4)

where
ωn = 2nπ∆f
∆𝑓 =

𝑓𝑠
𝑘
fs and k are the sampling frequency and the number of sampled points in the FFT

computation, respectively.
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Figure 4.2

UDDS power spectrum. The time domain ESS power signal has been
transformed to the frequency domain using the Fast Fourier Transform

Fig. 4.2 shows the result of this study in the frequency domain. The trend shows
that the P0, or DC value of the power spectrum, and the very low frequency power
spectrum, i.e. for small "n∆f" , are substantially larger than components with higher
frequency, larger "n∆f" . In other words, the ESS undergoes large low bandwidth power
requests. For example compare the portion below 0.1 Hz with the rest of spectral power.
As long as the requested power is within the rated specification of the ESS, under duty
ratio control the ESS matches the load and generation over the entire power spectrum.
The nominal bus voltage in this case study is 320 VDC.
In the BRZ sports car SHEV, one fourth of the original battery size is available,
so the number of cells is reduced to 25 percent and the battery terminal voltage is 80
VDC. A bidirectional DC-to-DC converter integrates the 80 VDC battery to the 320 VDC
power bus. In this case, the current on the ESS side of the converter will be four times
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greater than the corresponding current in the original design for the same requested
power at the wheels of the car (see Fig 4.3). Based on the case study, in city driving it is
expected that motor current requests with magnitudes in the range 100 A to 190 A will
happen frequently. By taking into consideration the DC-to-DC converter current ratio of
four, the battery supplies current amplitudes in the range 400 A to 760 A. These large
currents are beyond the nominal discharge rating of the battery. In other words, the
current requested from the ESS is beyond the rated pulse current of the APM14 cell.
Therefore, in the new design a more sophisticated controller is needed to control this
problem and also to manage the engine to maintain operation in efficient regions of the
brake-specific fuel consumption map.
4.3

Innovative bandwidth based control strategy
A new control strategy is required in order to distribute the power between engine

and the reduced size ESS in a way that the requested load at the electrical motor is
fulfilled, maximum and minimum power constraints of the energy sources are observed,
and overall power-train efficiency is maximized. For a sports car SHEV, it is necessary to
mitigate the low bandwidth power variations as mentioned in the previous section. The
engine is the only source of energy which is able to deliver the power in the low
frequency bandwidth. By extending the bandwidth delivered by the engine, the ESS
power in the low bandwidth part will be reduced. In the plot in Fig 4.2, the blue
horizontal arrow specifies the bandwidth of the ESS in the original control strategy. The
red rectangle highlights the hypothetical frequency band which in the new control
strategy should be removed from ESS responsibility and added to the engine/generator
responsibility.
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It is hypothesized that developing a controller that features engine duty cycling
and proportional control will allow an efficient power-train with extremely light ESS to
be realized. If instead of two constant engine operating modes, multiple constant
operating modes defined by various driving behaviors are created, the low frequency
power requested from the ESS can be diminished. The new operating points are selected
for low fuel consumption rates which is assumed to lead to a higher fuel economy
compared to the situation where the engine operating point varies proportionally over the
entire drive cycle load. However, to have the engine function with some form of a duty
cycling scheme in a HEV with an extremely light ESS, proportional control is required to
filter the low bandwidth portion of the drive cycle in a way that the ESS operates within
its rated capabilities.

57 kW Prius
Engine

τ,ω

YASA 400
Generator

VBUS

IG

IM

YASA 400
Motor

Vehicle Dynamics

IESS-Sec
τ

a

Low Pass Filter

80-320 DC-DC
bidirectional
converter

CT

IESS-Prim

Iʹ ESS-Prim
1.125 kWh
80 VDC ESS

Figure 4.3

Block diagram of the power-train and the variables involved in the
bandwidth-limited engine power controller.
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The objective is to find the optimum bandwidth below which engine operation is
actively controlled to supply the load and above which the ESS passively supplies the
drive cycle power requirements. The frequency range which is the subject of this search
is within the bandwidth of engine and battery operation. The bandwidth of other sources
of energy, for instance an ultracapacitor if it is available, is outside the domain of this
search. Therefore, the results of this study will not be affected by adding high bandwidth
energy storage devices.
A block diagram of the power train and variables involved in bandwidth based
engine control are shown in Fig. 4.3. Power-train variables which are impacted by the
controller are defined below:
A block diagram of the power train and variables involved in bandwidth based
engine control are shown in Fig. 4.3. Power-train variables which are impacted by the
controller are defined below:
VBUS: Bus voltage is an instantaneous voltage shared between motor, generator,
and battery at a common node. In the following analysis, the voltage is considered as a
constant variable compared to the large variation in currents.
IM: Motor current is instantaneously varying in proportion to drive cycle power
requested at the wheels if bus voltage is considered constant.
IESS-prim: ESS current is an instantaneous variable which matches the difference
between generator output power and motor power request on the ESS side of the
converter.
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′
: Bandwidth-limited (BWL) ESS current is the filtered ESS current
IESS−prim

which is measured by a sensor facilitated with a low pass filter on the ESS side of the
converter.
IB: Battery current is an instantaneous variable which contributes to matching the
difference between generator output power and motor power request.
IB′ : BWL battery current is a filtered battery current which is measured by a
sensor facilitated with a low pass filter. The battery is not measured by a separate BWL
′
sensor. IB′ is defined for more clarity. IESS−prim
and IB′ are technically the same thing

because the Ultra-Capacitor contribution to BWL portion of load is negligible.
IG: Generator current by definition is a BWL current because it is controlled using
the bandwidth limited battery current as an output in the proportional control process (IG
= IG′ .
τ: Generator torque is a BWL torque which can be adjusted at the generator side
of the engine. The generator controller adjusts the torque as a load on the engine drive
shaft using a reference input “τ”.
ω: Engine shaft speed which is controlled via an accelerator reference input “a” in
the engine control unit (ECU). Closed-loop feedback speed control is assumed to be used
(ω = ωRef).
VBUS: Bus voltage is an instantaneous voltage shared between motor, generator,
and battery at a common node. In the following analysis, the voltage is considered as a
constant variable compared to the large variation in currents.
IM: Motor current is instantaneously varying in proportion to drive cycle power
requested at the wheels if bus voltage is considered constant.
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IESS-prim: ESS current is an instantaneous variable which matches the difference
between generator output power and motor power request on the ESS side of the
converter.
′
IESS−prim
: Bandwidth-limited (BWL) ESS current is the filtered ESS current

which is measured by a sensor facilitated with a low pass filter on the ESS side of the
converter.
IB: Battery current is an instantaneous variable which contributes to matching the
difference between generator output power and motor power request.
IB′ : BWL battery current is a filtered battery current which is measured by a
sensor facilitated with a low pass filter. The battery is not measured by a separate BWL
′
and IB′ are technically the same thing
sensor. IB′ is defined for more clarity. IESS−prim

because the Ultra-Capacitor contribution to BWL portion of load is negligible.
IG: Generator current by definition is a BWL current because it is controlled using
the bandwidth limited battery current as an output in the proportional control process (IG
= IG′ .
τ: Generator torque is a BWL torque which can be adjusted at the generator side
of the engine. The generator controller adjusts the torque as a load on the engine drive
shaft using a reference input “τ”.
ω: Engine shaft speed which is controlled via an accelerator reference input “a” in
the engine control unit (ECU). Closed-loop feedback speed control is assumed to be used
(ω = ωRef).
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4.3.1

Duty cycling and battery size
In Section 4.2, using Fig. 4.2, it has been shown that engine duty cycling with a

two-state operating point increases efficiency. However, two-state engine operation is
realized at the cost of a large ESS. Using multiple operating points allows the ESS size to
be reduced. In the following analysis, the battery size needed for a two-state controller
and a multiple-state controller are compared. In both cases, the expected value of the
requested motor current is 𝐸{𝐼𝑀 } = 27𝐴. In the “two-state engine control” case, the
engine duty cycles between 𝐼𝐺−𝑀𝑜𝑑𝑒2 = 62.5𝐴, and 𝐼𝐺−𝑀𝑜𝑑𝑒1 ≈ 0. A duty cycle 𝐷 =
0.43 is required. It is assumed that 𝑉𝐵𝑈𝑆 = 320 𝑉𝐷𝐶. The ESS needs to produce and
absorb the difference between generation and demand; therefore, the ESS current will be
a square wave with peak-to-peak amplitude of 62.5A.
In the multiple-state engine control case, it is assumed that mode 2 of the duty
ratio control strategy is replaced by two intermediate operating points, which are defined
by the expected average power required by the highway driving and the city driving
conditions, respectively. In Fig. 4.4, the 57-kW engine efficiency map is drawn again, but
this time multiple operating points are considered and tagged to the different driving
conditions. New operating points have 𝐼ℎ𝑤 = 36𝐴, which is the average value of the
published highway drive cycle for the reference vehicle, and 𝐼𝑢𝑟𝑏𝑎𝑛 = 18𝐴, which is the
average value of the published city drive cycle for the same reference vehicle, as nominal
current specifications. To meet the same expected value of motor current, 𝐸{𝐼𝑀 } = 27𝐴,
the ESS current will be a square wave with peak-to-peak amplitude of 18 A while the
engine goes back and forth between 𝐼ℎ𝑤 and 𝐼𝑢𝑟𝑏𝑎𝑛 with duty ratio of 50%. The size of
the ESS can be reduced in the second case at the cost of lower engine efficiency. On the
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other hand, this can be offset by the additional fuel economy achieved from reducing the
ESS size. Of course, a vehicle and a control model are required to study the impacts of
duty cycling on the overall efficiency of the power train.

Figure 4.4

Engine efficiency map. Multiple operating points proportional to different
driving conditions are labeled.

If threshold-crossings of an internal state indicator, for example battery SOC, is
used for changing the states, limit cycling can happen. Limit cycling is an oscillatory
situation that occurs in some nonlinear systems. In other words, the controller oscillates
back and forth between different states with potentially undesirable impacts on power
train component reliability and consumer perceptions. One way of controlling the limit
cycling and delaying the transition is to combine the duty cycling function with a limited
proportional control feature in each state. In the engine map plot in Fig. 4.4, a range of
limited proportional control is shown about nominal discrete operating points with up and
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down arrows. The hysteresis band prolongs the period of time when the controller
operates in a current state.
Overall engine efficiency is affected both in a positive and a negative way when
proportional mode is added while the ESS low bandwidth current variation is always
mitigated with this feature. The low bandwidth current mitigation leads to a reduction in
ESS size. In addition, partial elimination of SOC modulation within the bandwidth of
controller operation is achieved which results in reduced ESS losses, and reduced thermal
and electrical cycling.

Figure 4.5

Block diagram of the limited bandwidth based proportional-integral
controller in arbitrary state of X.

Controller variables are defined in section 5 nomenclature.
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4.3.2

Limited bandwidth proportional controller algorithm
Because the conditions causing state changes are affected by proportional

controller performance in each state, first the proportional control algorithm is described.
In the following analysis, the error equation for proportional control is derived. VBUS is
considered constant, which is a reasonable approximation to the actual situation if SOC
variation is limited. Total harmonic distortion (THD) of the bus voltage is small on the
power bus of a HEV while that of the motor current signal is significant [42]. Therefore,
the current variable can be used as a replacement for power in the small signal analysis.
For a common node on Fig. 4.3 between motor, generator, and ESS, Kirchhoff’s law is
written. Most of the involved variables in the following analysis are defined in section
4.3.
𝐼𝐸𝑆𝑆−𝑆𝑒𝑐 = 𝐼𝑀 − 𝐼𝐺

(4.5)

(4.5) can be re-written in the form of (4.6)

′
𝐼𝐸𝑆𝑆−𝑆𝑒𝑐
=

𝐼𝐵′
′
= 𝐼𝑀
− 𝐼𝐺
𝑅

′
⇒ 𝐼𝐵′ = 𝑁𝑐 × (𝐼𝑀
− 𝐼𝐺 )

(4.6)

′
′
are BWL version of true currents, and 𝑁𝑐 = 4 is the
Where 𝐼𝐸𝑆𝑆−𝑆𝑒𝑐
, 𝐼𝐵′ and 𝐼𝑀

converter ratio. Again, It is noted that 𝐼𝐺′ = 𝐼𝐺 , because the generator current is the output
of a bandwidth limited control process. (4.6) is the error equation required for
proportional control. The controller only receives 𝐼𝐵′ as an input which is measured by a
BWL sensor.
Figure 4.5 illustrates the block diagram of the BWL proportional-integral (PI)
controller in arbitrary state X. In state X, a specific hysteresis band defines nominal,
66

(4 − 6)

upper and lower torque thresholds. In this study, standard published drive cycles are used
as examples for defining the nominal set points and the thresholds of intermediate states.
In Fig. 4.4, the stars and the tips of up and down arrows mark the nominal, maximum,
and minimum torque, respectively, for urban, and highway condition at constant engine
speed. For example if the urban state is selected during the duty cycling process,
proportional controller torque is limited to the range 10-40 Nm at 235 rad/s constant shaft
speed. PI controller will zero the BWL portion of the battery current, 𝐼𝐵ʼ ′, as long as the
requested power is within the proportional range of the current state.
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Figure 4.6

4.3.3

Proposed state machine uses decision making for changing the states when
the mismatch between expected motor current and expected generator
current is statistically significant.

State machine controller algorithm for duty cycling
As long as the controller operates within the proportional range of the current

state, there is no need to change the state; however, when the power requested by the
motor is outside the range, the controller is not able to match the generation to the
bandwidth limited demand. In this case, a state machine is required to decide when
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transition to higher or lower states should occur. Fig. 4.6 shows the proposed state
machine control algorithm. Four states represent four different driving behaviors. In state
X, parameters of the BWL PI controller and the engine such as nominal, upper and lower
torque threshold, and shaft speed are defined. Parameters in the specific states 2 and 3 are
defined based on standard urban and highway drive cycles, respectively. State 4 is
defined by the continuous rated power of the engine which is usually determined by the
vehicle’s top speed requirement, so torque hysteresis band and driveshaft speed of this
state is selected proportional to the top speed requirement. Arrows between states specify
the conditions via which states transitions occur. These conditions are classified into two
categories. The first category includes ESS rated specifications. If the BWL current of the
battery is detected to be either in excess of maximum battery discharge rating (positive by
assignment of current polarity in Fig. 4.3) or less than the minimum battery charging
rating (negative by assignment of the current polarity in Fig. 4.3, e.g., during regenerative
braking), these conditions are activated and a state change occurs. This is a protective
feature for the battery at the state machine controller level, but obviously other
independent protective functions are also required at the supervisory control level. The
second category of conditions checks the mismatch between motor demand and generator
supply. The latter is the subject of the following analysis.
4.3.3.1

Estimation of the expected motor current
Two reasons persuade deriving the motor current expected value, E{IM}. First, in

actual driving conditions, the arbitrary driver never follows the standard published drive
cycles. The actual drive cycle must be considered a random process the statistics of
which are different from statistics of standard drive cycles. A possible scenario may
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occur where E{IM} is in between the nominal currents of two states. In this case, duty
cycling between two states is required (eventually) to meet E{IM}. To recognize this
situation, estimating the average motor current is necessary. Second, even the standard
drive cycles are long time-domain sequences which can be assumed to be composed of
multiple sub drive cycles with different average values. This fact sometimes makes the
moving-average value of motor current over a specific short period of time quite different
from the overall E{IM}. Therefore, even in standard drive cycles, there is a need for
estimating E{IM} in order to make decisions for changing the state so as to avoid
intolerable changes in battery SOC and to reduce the impact of proportional control on
engine efficiency.
By taking expectation from both sides of (4.6), the expected value of the BWL
variable is found:

𝐸{

𝐼𝐵′
′
′
} = 𝐸{𝐼𝑀
− 𝐼𝐺 } = 𝐸{𝐼𝑀
} − 𝐸{𝐼𝐺 }
𝑁𝑐

(4.7)

(4

If the drive cycle random process is assumed to be an ergodic random process,
meaning the average and variance of a sufficiently long sample of the process represent
the statistical property of the process, then the expected value of the BWL variables can
be rewritten in average form over all time:
1
𝑇→∞ 𝑇

𝑇

lim

0

𝐼𝐵′
1
′ }
𝑑𝑡 = 𝐸{𝐼𝑀
− lim
𝑇→∞ 𝑇
𝑁𝑐

𝑇
0

𝐼𝐺 𝑑𝑡

Over a finite period of time, an estimate of the expected value of BWL motor
′ }
current, 𝐸{𝐼𝑀
𝑒𝑠𝑡 , can be calculated from (4.9).
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(4.8)

(4 −

′ }
𝐸{𝐼𝑀
𝑒𝑠𝑡

1
=
𝑇

𝑇
0

𝐼𝐵′
1
𝑑𝑡 +
𝑁𝑐
𝑇

𝑇
0

𝐼𝐺 𝑑𝑡

(

(4.9)

where 𝑇 < ∞
The second term of (4.9) is the average value of BWL battery current at the output
of the converter. This term can be estimated from the battery SOC, because as shown in
Fig. 4.2, the BWL portion of the actual current is significantly higher than the high
bandwidth portion of the actual current. As a result,

′ }
𝐸{𝐼𝑀
𝑒𝑠𝑡 = −

𝑄𝐶
1
[𝑆𝑂𝐶(𝑇) − 𝑆𝑂𝐶(0)] +
𝑁𝑐 × 𝑇
𝑇

𝑇
0

𝐼𝐺 𝑑𝑡

(4.10)

(4 − 10)

Where 𝑄𝐶 , is the capacity of the battery in amp-seconds. In (4.10), the discharging
current is considered positive. (4.10) can be re-arranged to show the mismatch between
average demand and average generation.

−

𝑄𝐶
1
′ }
∆𝑆𝑂𝐶 = 𝐸{𝐼𝑀
𝑒𝑠𝑡 −
𝑁𝑐 × 𝑇
𝑇

𝑇
0

𝐼𝐺 𝑑𝑡

(4.11)

(4.11) is another version of the error equation which was first written in (4.6). The
first term is proportional to the rate of change of SOC. The SOC can be sampled over a
time T and stored in a register. The register values can be evaluated by a statistical test to
make a decision to duty cycle.
4.3.3.2

Statistical test for state changes
As long as torque limits in each state produce corresponding current thresholds

′ },
which bracket 𝐸{𝐼𝑀
the controller zeroes the battery current within its bandwidth of

proportional control. In this case, the BWL battery state of charge is sustained, although
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(4 −

smaller out-of-bandwidth variations will occur to balance the instantaneous power in the
′ }
drive cycle. However, if 𝐸{𝐼𝑀
exceeds the thresholds of the proportional controller, then

BWL battery current becomes non-zero and the rate of change of the battery state of
charge within the bandwidth of proportional control is accumulated in the statistical
register. This information is useful for making decisions about state changes specifically
′ }
when 𝐸{𝐼𝑀
is close to the limits of proportional control.

Null hypothesis - null hypothesis is (4.12) because when this equation is true
there is no need for changing the state, but when it is not true a change should occur.
1
𝑇

′ }
𝐸{𝐼𝑀
=

𝑇
0

𝐼𝐺 𝑑𝑡

(4.12)

Test method - a statistical test, known as Student’s-t test, is used to evaluate the
null hypothesis for state changes. Based on (4.11), state-of-charge rate of change is a
variable which can be tested to show if the null hypothesis is not true. In this test, the t
parameter is computed in (4.13) for evaluation.
𝑥̅

𝑡= 𝑠

𝑁

1
𝑥̅ =
𝑁
1
𝑠 =
𝑁

𝑁

𝑛=1
𝑁

2

(
𝑛=1

∆𝑆𝑂𝐶
𝑛∆𝑇

∆𝑆𝑂𝐶
− 𝑥̅ )2
𝑛∆𝑇

(4.13)

(4.14)

(4.15)

In (4.13)-(4.15), 𝑁 is the number of samples of ∆𝑆𝑂𝐶 accumulated in the register,
𝑥̅ and 𝑠 are respectively the sample mean and the sample variance of the state-of-charge
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rate of change over 𝑁 samples, and ∆𝑇 is the sampling interval. 𝑡 is the variable which
depends on number, mean, and variance of samples. Table 4.1 shows the null hypothesis
is rejected if either t is greater or less than a selected threshold. The t parameter threshold,
𝑡∝,𝑁 , is selected from standard Student’s-t look-up table. 𝑡∝,𝑁 is selected depending on the
number of samples and the desired probability of correctness for making decisions (i.e.,
rate of unnecessary state changes).
Table 4.1

Testing null hypothesis for state changes

Reject Null Hypothesis
because:
′ }
𝐸{𝐼𝑀
> 𝐼𝐺(𝑚𝑎𝑥)

When t Test Condition is: Resulting Action is:

′ }
𝐸{𝐼𝑀
< 𝐼𝐺(𝑚𝑖𝑛)

𝑡 > 𝑡∝,𝑁

4.4

Change state to the next
higher state
Change state to the next
lower state

𝑡 < −𝑡∝,𝑁

SHEV model for validating bandwidth-based control algorithm
In order to validate the feasibility of realizing a series HEV with extremely light

ESS, the BWL control strategy should be modeled and evaluated. However, before
implementing the controller, an appropriate vehicle model must be developed.
4.4.1

Series hybrid electric vehicle model
One way is to use the available SHEV model in Autonomie which already has

been customized for the reference vehicle of Fig. 3.1. However, integrating a BWL based
controller with the current model is too complicated because key variables such as
generator torque and engine speed cannot be easily manipulated. Fig. 4.3 shows a block
diagram of a series power train model developed for this study. Vehicle dynamic and
motor models are both borrowed from the Autonomie model of the reference vehicle of
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Fig. 3.1. However, independent behavioral models of the generator and the engine using
respectively the YASA-400 efficiency map and the 57-kW Prius engine efficiency map
are created and integrated to the rest of the power train in a way that key variables can be
controlled. The ESS is modeled with SimPowerSystems of the Simulink library [44]. A
simplified bidirectional DC-DC converter is also modeled in order to interface the 80VDC ESS to the 320-VDC bus.
4.4.2

Implementing the limited bandwidth proportional controller algorithm
Proportional controller variables such as ESS current, and generator current are

accessible in the model. A block diagram in Fig. 4.5 is used to explain the
implementation of the proportional controller in Simulink. BWL ESS current is created
with the second-order low pass filter, the Laplace domain transfer function of which
𝑇𝑓𝐹𝑖𝑙𝑡𝑒𝑟 is written in (4.16).

𝑇𝑓𝐹𝑖𝑙𝑡𝑒𝑟

𝐼𝐵′
1
=
= 2
𝑠
2
𝐼𝐵
+
𝑠+1
𝜔02 𝜔0
− 16)

(4.16)

Where 𝜔0 = 2𝜋𝑓0 and 𝑓0 is the frequency of cut-off in rad/s and Hz respectively.
Comparing (4.16) to a standard from of second order low pass filter, the above filter has
quality factor of 0.5 and DC gain of 1. The latter means no change occurs in magnitude
of the BWL portion of battery current after passing through the filter. Referring to Fig.
4.5, 𝐾𝑃 = 10 and 𝐾𝐼 = 0 are set as proportional and integral coefficients in the PI
controller to compensate the plant transfer function, meaning for this example only
proportional control is used. These coefficients guarantee that 𝐼𝐺 is ten times larger than
𝑁𝑐 × 𝐼𝐵′ while in closed-loop control where the error equation of (4.6) is minimized by the
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available open-loop gain. The only variable which the controller observes is the BWL
battery current 𝐼𝐵′ , as the out-of-bandwidth battery current is determined passively by
Kirchhoff’s law at the common node of the power bus and load conditions. The state
hysteresis thresholds are produced for generator current, the electrical dual of generator
torque, by the state machine and applied through a saturation block into the output of the
proportional controller.
4.4.3

Implementing supervisory control and state machine algorithm
A simple supervisory controller and state machine are developed in State Flow of

Simulink. Overall, four blocks operate in parallel: (1) regenerative braking protection, (2)
charging mode, (3) Student’s-t calculation, and (4) state machine. The first two are subsections of supervisory control. Regenerative braking protection makes sure that the
charging current to the battery is not beyond the battery capability. Most of the time, the
controller operates in charge sustaining mode, but for the special scenario, a charging
mode is available to bring the SOC back to its operational hysteresis range if it goes
below a minimum threshold. The Student’s-t calculation block is a pre-processing
function that samples SOC every ∆𝑇 seconds and stores it in a registry with N samples
for t parameter calculation. Obviously the oldest sample in the register is overwritten by
the most recent sample when it becomes full. t parameter is computed from (4.13)-(4.15)
every sampling time, ∆𝑇, and delivered to the state machine block. The fourth block is
the state machine that is shown in Fig. 4.6. In each state, corresponding engine speed and
generator current thresholds are set for the engine and generator block in the vehicle
model. As mentioned in section 4.3, two types of transitions are available for state
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changes. In the state machine block, transitions are allowed to be executed every
sampling time, n.
4.4.4

Controller tuning
To have acceptable performance, the controller should be tuned. 𝑓0 and 𝑡∝,𝑁 are

tuning variables that are manipulated to optimize the controller performance. Smaller 𝑓0
leads to a smaller engine contribution and increases the capacity, and thus size, of the
battery as well as increasing overall power-train efficiency. Smaller 𝑡∝,𝑁 , for a given
number of samples N in the registry, increases the risk of false decision making for
engine duty cycling. These two variables are selected through a multi-objective genetic
algorithm optimization process to maximize both the combined city and highway fuel
economy and the controller performance. The optimal controller tuning variables so
found are 𝑓0 = 0.042 𝐻𝑧 and 𝑡∝,𝑁 = 0.7669.
Table 4.2

ESS and controller parameters used for using in controller performance
validation test

I_batt_Ma I_batt_Mi I_batt_Max_ I_batt_Mi Engine_Ctrl_ Power
x_10 sec n_10 sec Cont. (A)
n_Cont. BW (Hz)
Interface
pulse. (A) pulse. (A)
(A)
voltage
Ratio, Nc
400

4.5

-190

180

-70

0.042

4

Battery
Capacitor
Capacity, Capacity,
Resistance,
ESR
and Nom , and Nom
Voltage
Voltage
A123, 14 Maxwell,
Ah, 37.5 46.4 F, 27.5
mΩ,b80
mΩ, 80 VDC
VDC

Validating controller performance
Performance of the BW based controller is assessed for the extremely light ESS

SHEV with both city and highway driving behaviors. The reference vehicle with the
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power-train architecture given in Fig 4.3 is used for this study. Parameters for the ESS
and the controller are shown in Table 4.2. Although the controller is designed to operate
under actual driving conditions, the example scenarios are based on standard drive cycles,
HWFET for highway, and UDDS for urban, to excite the power-train. Although for a
regular passenger vehicle, 𝑓0 and 𝑡∝,𝑁 can be tuned to limit the battery discharge current
under very harsh acceleration, for the sports-car class SHEV to satisfy the performance
requirement under harsh acceleration, a 46.4 F UC is added which is able to deliver 50%
of the power associated with the most aggressive acceleration in the US06 drive cycle
(see Chapter 3 section 3.3.1).
4.5.1

Performance test under highway driving condition
Fig. 4.7 to 4.12 show the key variables of the state machine controller regarding

the first 300 seconds of HWFET. As noted in section 4.3 and also shown in Fig. 4.5, the
current state determines the engine operating region. In Fig.4.7, a numeral representing
one of four states is shown on the vertical axis. As expected, just over 50% of the time,
the state machine dwells in state 3 which has the average power of highway driving as the
nominal power. Fig. 4.8 and 4.9 display two other state machine key variables: Student’st and 𝐼𝐵′ , respectively. The state varies when each of these variables reach their negative
or positive thresholds. In the case of the Student’s-t variable, when a negative threshold (0.7669) is reached, the state-of-charge rate of change is judged to be statistically
significant, which means the battery has been discharging because demand is higher than
the available power generation in the current state. At this moment transition to a higher
state happens. These types of transitions happen three times in the first 50 seconds (see
Fig. 4.7 and 4.8). When the positive threshold (+0.7669) is hit, the minimum generation
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of the current state is higher than the requested demand, and state-of-charge rate of
change is again statistically significant, so the state machine goes to a lower state. 𝐼𝐵′ .
Minimum and maximum thresholds are set slightly below the continuous
charge/discharge capability of the battery shown in Table 4.2. Two lines on Fig. 4.12
specify the battery minimum and maximum current setting. A few seconds before 150
sec, 𝐼𝐵′ hits the limits and consequently the state machine takes the engine from state 3 to
state 1 to protect the battery from over current. Fig 4.7 to Fig 4.10 show, while motor
current is varying, how the state machine manages the engine performance efficiently by
taking it to efficient states (regions in the BSFC map) based on the Student’s-t value. As
a result of this power management a combination for torque and speed is selected in a
way that the engine operates in a hysteresis band as shown on Fig. 4.4. Fig. 4.11 and 4.12
shows the combination of torque-speed in a specific state. Fig. 4.11 shows the control of
the battery SOC.
Fig 4.13 and Fig 4.14 depict a selected window of this study between 500-600
second. These plots show the performance of the BWL proportional controller which
operates in parallel with the state machine controller to minimize the BWL battery
current on the ESS. In Fig 4.13, from 500 to 540 seconds, the proportional controller is
able to command the generator current to track motor current very closely. As a result of
this sophisticated controller’s performance the bandwidth limited ESS current, which is
the error signal of control loop, is being continuously controlled about zero. Before 540 s,
the state machine stays in state 3; however, after 540 s, the state machine begins duty
cycling because the torque range of state 3 is not appropriate for following the motor
load.
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Figure 4.7

State in state machine controller

Figure 4.8

Student-t parameter
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Figure 4.9

BWL battery current

Figure 4.10

Battery state of charge
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Figure 4.11

Engine torque

Figure 4.12

Engine speed
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Figure 4.13

Generator/motor current

Figure 4.14

ESS current
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4.5.2

Performance test under city driving condition
There are few differences for controller performance under city test compared to

highway test. The city driving behavior has frequent acceleration/deceleration moments
which makes the variance of motor current significantly larger than that of highway
driving. In addition, in many occasions, the vehicle is in stop mode. Therefore, it is not
expected that the controller dwells in state 2 most of the time. This fact is shown in Fig.
15. The state machine is settled in state 1 for almost 50% of the time. The rest of the time
the controller dwells in state 2 or duty cycles between state 2 and 3. The contribution
from state 2 is sufficient to limit the BWL battery current within the rated zone. As
mentioned, in section 4.4.4, Student’s-t and 𝑓0 are tuned to maximize both the controller
performance and the combined FE.

Figure 4.15

State in state machine controller

83

Figure 4.16

Student-t parameter

Figure 4.17

BWL battery current
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Figure 4.18

Battery state of charge

Figure 4.19

Engine torque
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Figure 4.20

Engine speed

Therefore, there is a tradeoff between having a larger dwell time in state 2 to
optimize controller performance which leads to smaller BWL battery current and having
smaller state 2 dwell time which results in better FE. It is noted again that state 2 has the
highest fuel consumption among states and less time in state 2 prevents the low FE. As a
result of the sophisticated management of the state machine controller (Fig. 4.16 and
Fig.4.17), the state of charge is controlled (Fig. 4.18) and engine torque and speed are
managed within the efficient regions (Fig. 4.19 and 4.20). The performance of the BWL
proportional controller under the city driving condition is similar to the corresponding
performance in the highway driving condition. One difference though is that the
proportional controller mainly operates at the torque limits.
A comparison between the performance of the vehicle model in figure 4.3 and its
conventional version shows that combined city/highway fuel economy is increased by 13
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percent (note: the reference vehicle cited here is not the Subaru BRZ, but instead is a
notional “mid-size” vehicle with nominal dynamic modelling parameters since those of
the Subaru BRZ are not precisely known).
4.5.3

Performance under 10 second acceleration condition
Power required for acceleration is calculated by (4.17).

𝛿𝑀 2
2
1
𝑉𝑓 + 𝑉𝑏2 + 𝑀𝑔𝑓𝑟 𝑉𝑓 + 𝜌𝑎 𝐶𝐷 𝐴𝑓 𝑉𝑓3
2𝑡𝑎
3
5
(4.17)
− 17)
For the Subaru BRZ, the following parameters are estimated. 𝑀 is the total
𝑃𝑎 =

vehicle mass in kg (1256 kg), ta is the expected acceleration time in s (10 s), 𝑉𝑏 is the
vehicle speed in m/s (13.36 m/s), corresponding to the motor-based speed, 𝑉𝑓 is the final
speed of the vehicle during acceleration in m/s (26.82 m/s), 𝑔 is gravitational acceleration
in m/s2, 9.80 m/s2, 𝑓𝑟 is the tire rolling resistance coefficient (0.01 for concrete or asphalt
road), 𝜌𝑎 is the air density in kg/m3, 1.202 kg/m3, 𝐴𝑓 is the front area of the vehicle in m2
(2.125 m2), and 𝐶𝐷 is the aerodynamic drag coefficient (0.325).
𝑃𝑎 = 64.2kW is calculated for the acceleration period of 10 s. When the
acceleration power is requested, the state machine takes the engine to state 4 where the
engine peak power, 57 kW, is produced. 48.24 kW of this power is available for
acceleration after considering generator and motor losses. The error in proportional
controller will not be zero, because the generator power is limited to the peak power. The
error will be supplied by the battery. The battery is able to supply up to 22.15 kW for 10
s, which is more than the difference between acceleration demand and engine generation.
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4.5.4

Performance under grade condition
Power requirement to overcome the grade is calculated by (4.18).
1
𝑃𝑔𝑟𝑎𝑑𝑒 = 𝑀𝑔𝑓𝑟 𝑐𝑜𝑠𝛼 + 𝜌𝑎 𝐶𝐷 𝐴𝑓 𝑉 2 + 𝑀𝑔𝑠𝑖𝑛𝛼 × 𝑉
2

(4.18)

Where 𝛼 is the angle of the grade in radians. It is a reasonable assumption that a
passenger vehicle should sustain 55 mph for 20 minutes with a 4.5% slope. 19.88 kW is
the required power to fulfill the mentioned gradeability specification which is met
efficiently by the engine in state 3. Hence the BRZ could be expected to do better, but
other factors like thermal management which are not considered here will set the true
limit.
4.6

Chapter Summary
In this chapter the challenge of hybridizing a sporty Subaru BRZ was described.

In this problem, the ESS space allocation is severely limited. Regular control strategies
are not able to manage the engine operation efficiently while keeping the ESS variables,
such as currents and SOC, in a nominal zone. A bandwidth-based power flow algorithm
was developed which allows a sports-car class SHEV with 80-VDC, 1.125-kWh energy
storage system to be realized. The result shows that a statistical test method on the rateof-change of the state of charge enables a state-machine controller to manage engine duty
cycling between efficient regions. The results also show that the bandwidth-based
proportional controller protects the ESS against over current.
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(4 − 18)

CHAPTER V
MULTI-OBJECTIVE OPTIMIZATION ON THE ENERGY STORAGE SYSTEM
COST AND FUEL ECONOMY OF A SERIES HEV USING
BANDWIDTH-BASED CONTROL STRATEGY

5.1

Introduction
Two main optimization strategies are applied in the EV literature. One of these

seeks to optimize the size/cost of the components of the power train. The other seeks to
maximize the FE by optimizing the performance of the control strategy. In the former
category the cost is defined as an objective function while performance requirements
such as FE are set as constraints [45]. To size the ESS or other powertrain components in
series/parallel HEV’s and fuel cell HEV’s, single and multi-objective genetic algorithms
[46] [47] [48] [49] are more common although other algorithms such as the GIAO
software optimization routine [50] and gclsove of ADVISOR [51] are also used. In the
second category in which optimal control strategies for better performance are sought,
references are made to the use of regular dynamic programming [52], stochastic dynamic
programming or equivalent consumption minimization [53], genetic-fuzzy [54], particle
swarm [55] and [56], Pontryagin’s minimum principle [57], or neural network
algorithms [58] for developing optimal control. These optimal control strategies
distribute the power between energy sources based on time domain techniques, so
distributing the load between sources, particularly engine and battery, based on their
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bandwidth characteristics is not explicitly considered which may limit the optimization
results.
In this chapter, a Pareto Frontier, including Energy Storage System (ESS) costs
and FE, for a Series HEV (SHEV) with limited All-Electric-Mode (AEM), is introduced
using an advanced bandwidth-based control strategy teamed up with a duty ratio control
strategy. The bandwidth-based control strategy allows the engine management advantage
of the SHEV to be extended to a much smaller ESS compared to the sizes of ESS
available in products on the market. To produce the Pareto Frontier, an Autonomie-based
vehicle model is customized and used in parallel-mode Multi-Objective Genetic
Algorithm (MOGA) optimization. This chapter is organized as follows. Section 5.2
describes the performance requirement of a mid-size HEV. Section 5.3 defines the design
space of ESS size when AEM is not required. Section 5.4 defines optimization problems
and constraints, and introduces the Pareto Frontier. Section 5.5 summarizes the chapter.
5.1

Mid-size vehicle performance requirements
A mid-size vehicle such as the reference vehicle of this study (Fig. 5.2) must meet

customer expectations such as acceleration and gradeability. Vehicle specifications and
other necessary parameters of Table 5.1 are used for computing acceleration and
gradability. The vehicle dynamic specifications of a typical mid-size vehicle found in the
Autonomie library are used; for other parameters required to compute the acceleration
and gradeability, the specifications of the reference vehicle used in this research are
applied [59] which are a good estimate of what consumers want [60]. The acceleration
and gradeability power requirements are calculated as follows [26].
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5.1.1

Acceleration
The acceleration performance requirement of a mid-size vehicle is usually defined

by the power that is required to speed up the vehicle from zero speed to the vehicle’s top
speed in a specified amount of time. The acceleration power equation is presented in
(5.1).

𝑃𝑎 =

𝑀
2
1
𝑉𝑓2 + 𝑉𝑏2 + 𝑀𝑔𝑓𝑟 𝑉𝑓 + 𝜌𝑎 𝐶𝐷 𝐴𝑓 𝑉𝑓3
2𝑡𝑎
3
5

(5.1)

(5 − 1)

Where 𝑀 is the total vehicle mass in kg, 𝑡𝑎 is the anticipated acceleration time in
s, 𝑉𝑓 is the final speed of vehicle after acceleration in m/s, 𝑉𝑏 is the vehicle speed in m/s,
corresponding to the YASA-400 motor-based speed, 𝑔 is the acceleration of gravity in
m/s2, 𝑓𝑟 is the tire rolling resistance coefficient, 𝜌𝑎 is the air density in kg/m3, 𝐴𝑓 is the
effective frontal area of the vehicle in m2, and 𝐶𝐷 is the aerodynamic drag coefficient.
Table 5.1 tabulates the values used to calculate that 𝑃𝑎 = 68.4 kW is required to achieve
an 11.5 s zero-to-top speed acceleration time.
5.1.2

Gradeability
The gradeability performance requirement of a mid-size vehicle is usually defined

by the power required to sustain the vehicle at the specified speed for a specific amount
of time on a road with a certain slope.
1
𝑃𝑔𝑟𝑎𝑑𝑒 = 𝑀𝑔𝑓𝑟 𝑐𝑜𝑠𝛼 + 𝜌𝑎 𝐶𝐷 𝐴𝑓 𝑉 2 + 𝑀𝑔𝑠𝑖𝑛𝛼 × 𝑉
2

(5.2)

Where 𝑀 is the total vehicle mass in kg, 𝑉 is the expected speed of vehicle during
hill climbing in m/s, corresponding to the YASA-400 motor-based speed, 𝑔 is the
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(5 − 2)

acceleration of gravity in m/s2, 𝜌𝑎 is the air density in kg/m3, 𝐴𝑓 is the effective frontal
area of the vehicle in m2, ∝ is the angle of the grade in radians, and 𝐶𝐷 is the
aerodynamic drag coefficient. Once again referring to Table 5.1 𝑃𝑔𝑟𝑎𝑑𝑒 = 25 kW to climb
a 5% grade for 20 minutes at 55 MPH .
Although, for different types of applications vehicle requirements will vary, the
variance of the acceleration and gradeabiliy for a regular mid-size passenger vehicle is
not very large.
Table 5.1

Vehicle performance specifications and vehicle dynamic parameters

M
V_f
V_b
g
f_r
ρ_a
A_f
C_D

5.2

1600 kg
26.82 m/s
11.02 m/s
9.8 m/s2
0.008
1.202 kg/m3
2.25 m2
0.3

Design space for the size of ESS and the FE in SHEV with minimal AEM
In contrast with acceleration and gradeability requirements, which do not have too

much variance, the efficiency of the power train, FE, varies for passenger vehicles. The
FE may range from around 40 Mile per Gallon (MPG), calculated as a combination of
highway and city driving, for a conventional vehicle (see section 5.3.1), up to the
equivalent FE of about 89 MPGe, combined, for a BEV [61].
It is a hypothesis that a series HEV with minimal ESS may be of interest as an
intermediate alternative which bridges between conventional vehicles and HEV’s with
large ESS such as PHEV’s, extended range EV’s (with both ICE’s and fuel cells), and
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finally BEV’s, all with the series architecture. To answer the question of how small the
ESS could be to realize a viable SHEV, a simulation analysis is carried out to determine
both ends of the range of sizes of the ESS. Two case studies are presented in the
following which show the performance of a conventional vehicle with zero ESS as one
extreme and a SHEV with minimally sized but passive ESS (meaning no power converter
interface between ESS and power bus) as the other extreme. The former is the major
shareholder of the market by far, and the latter is hypothesized to be a surrogate for the
large-ESS HEV’s available in the marketplace today. These two designs are used at either
end of a Pareto Frontier created from a multi-objective optimization with both ESS cost
and FE objective functions. For the analysis that follows in section 5.3.1 and 5.3.2,
Autonomie software will be used because it is reported that: “On the light duty side,
several conventional vehicles (e.g., Chevy Equinox, Ford Explorer) have been validated
within 1% fuel economy. Hybrid electric vehicles (e.g., Honda Insight, Toyota Prius,
Lexus RX400) have been validated within 5% for both fuel economy and battery Stateof-Charge for several driving cycles.” [62].
5.2.1

Case study 1: performance of a conventional reference vehicle
A conventional reference vehicle model is developed in the Autonomie simulation

environment (Fig.5.1). In Autonomie, each component is defined by a behavioral model
in the Simulink environment and Autonomie basically integrates these models to run an
overall model of the vehicle over selected drive cycles. An existing mid-size
conventional vehicle model is modified for this study. For engine modeling, a validated
Prius model available in the software’s library is scaled up to 85 kW to meet the
acceleration requirement in (5.1). Table 5.1 specifies the vehicle dynamic parameters.
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85 kW Prius
Engine

Figure 5.1

Transmission

Vehicle Dynamics

The architecture of the conventional reference vehicle

The vehicle meets the calculated acceleration and gradeability power
requirements in (5.1) and (5.2). The city, highway and combined FE are computed and
shown in Table 5.2. The combined MPG is 37 percent higher than those of available midsize vehicles such as Toyota Camry [63] in the market. This is simply because the engine
is sized for the requirements of (5.1) and (5.2) which are also the bases for the sizing of
the energy sources in the reference SHEV in case study 2. The FEs computed in this case
study are used as the worst case scenario design point that must be met by the hybrid
design.
Table 5.2

Major components specifications and results of simulation for conventional
reference vehicle

Mass
Engine
Transmission
ESS
Electric Machines
City FE
Highway FE
Combined FE
Available power for acceleration
Available power for gradeability

1560 kg
85 kW (scaled up 57 kw Prius
100 kg
34.3 MPG
47.7 MPG
40.3 MPG
> 68.4 kW
> 25 kW
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engine)

5.2.2

Case study 2: performance of a SHEV reference vehicle with minimal ESS
Figure 5.2 illustrates the architecture of the SHEV reference vehicle which was

used in the parametric study of Chapter 3 (see Fig. 3.1). Two changes from that vehicle to
this one are the use of a Prius 57 kW gasoline engine as the main source of energy and
the use of a version of the YASA-400 generator scaled down to 57 kW. The duty ratio
control strategy of Chapter 3 is used for this case study; however, the algorithm of
regenerative braking has been revised. Similar to the bandwidth-based control in Chapter
4, the bandwidth limited battery current is compared to and limited by the negative rated
battery current during charging mode. The power rating and other specifications of the
main components of the power train are shown in Table 5.3.

57 kW Prius
Engine

τ,ω

YASA 400
Generator

VBUS
IG

IM

YASA 400
Motor

Vehicle Dynamics

IBattery
a

Figure 5.2

τ

4.5 kWh
320 VDC ESS

The series-hybrid architecture of the reference vehicle

The result of the case study shows that the vehicle meets the calculated
acceleration and gradeability power requirements in (5.1) and (5.2). The city, highway
and combined FE are listed in Table 5.3. The combined FE is 67 % greater than the FE of
the properly sized conventional reference vehicle in case study 1.
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Table 5.3

The results of simulation for the SHEV reference vehicle

Mass
Engine
Transmission
ESS
Electric Machines
City FE
Highway FE
Combined FE

5.2.3

1600 kg
57 kw Prius engine
4.5 kWh Li-Ion battery, 100 kg total, 50 kg
cells weight, 100 cells
Two YASA-400, each 25 kg
75.0 MPG
57.6 MPG
67.2 MPG

ESS minimization limitations
The 4.5 kWh-ESS in 5.3.2 was a solution found through a parametric study over

different types and sizes of passive ESS for maximizing combined FE, which is not the
same as a formal optimization process and no claim is made as such. The term passive
means that no power interface is used to decouple the battery pack voltage from the bus
voltage. In this case the bus voltage must be made up by connecting multiple battery
modules in series. To go further in the process of optimally minimizing the size of the
ESS, similar to the sports-car concept vehicle in Chapter 4, one solution is to use a power
interface which allows fewer cells in series to be used. However, in order to cover all
possibilities from zero ESS to the ESS in case study 2, in addition to adding a power
converter, an advanced power management strategy is required. Bandwidth-based and
engine duty ratio control strategies for SHEV’s with minimal ESS have been described in
Chapter 3 and Chapter 4, respectively. Both control strategies are applied in this chapter
to cover a wide range of ESS sizes required by the optimization process in the next
section.
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5.3

Optimization objective functions and constraints
The focus of the previous section was defining the design space for the ESS size.

In this section, optimization objective functions, design constraints, and side constraints
are defined in general form in (5.3). It is noted that because this is a simulation-based
optimization, the main design constraints such as current, voltage, torque, and speed are
already considered in the control strategies algorithms. The analysis in this section is
presented for the reference vehicle model in Fig. 5.2 and Fig. 4.3; the ESS size is the
variable of the optimization process.
min

𝒇(𝑿) = 𝑓1 (𝑿), 𝑓2 (𝑿), … , 𝑓𝑁 (𝑿)

𝑠. 𝑡.

𝑔𝑗 (𝑿) ≤ 0

𝑗 = 1, … , 𝑁𝑔

𝑋𝑖𝑙 ≤ 𝑋𝑖 ≤ 𝑋𝑖𝑢

𝑖 = 1, … , 𝑁𝐷𝑉

(5 − 3)

(5.3)
5.3.1

Objective functions
Based on the design concept of this research, AEM is not a requirement and can

be traded to achieve the lighter ESS which eventually leads to a cheaper vehicle and more
consumer adoption. The ESS cost equation is specified as a function of the number of
ESS cells in (5.4).

𝐶𝑜𝑠𝑡𝐸𝑆𝑆 (𝑛𝑠 ) = (𝑛𝑠 × 𝐶𝑊 + 𝑃𝐶(𝑛𝑠 ) × 𝑃𝐶𝑊) × 𝐸𝑃

(5.4)

Where 𝑛𝑠 is the number of cells, 𝐶𝑊 is the cell weight considering packaging
factor (kg), 𝑃𝐶(𝑛𝑠 )is the power converter continuous power which is a function of the
number of cells (kW), PCW is the mass of power converter per 1 kW continuous power
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(5 − 4)

(kg/kW), and 𝐸𝑃 is the $/kg for the ESS of a HEV. (5.4) can be rewritten as following to
represent a first objective function in (5.5):

𝑓1 (𝑿) = (𝑿 × 𝐶𝑊 + 𝑃𝐶(𝑿) × 𝑃𝐶𝑊) × 𝐸𝑃

(5 −

(5.5)

𝑤ℎ𝑒𝑟𝑒: 𝑿 = 𝑋1 = 𝑛𝑠
The second objective function in this study is the combined city and highway FE.
For each control strategy, a separate equation is derived. For the engine duty ratio control
strategy, the FE is a function of 𝑛𝑠 :

𝐹𝐸(𝑛𝑠 ) = 0.55 × 𝐹𝐸𝑐𝑖𝑡𝑦 (𝑛𝑠 ) + 0.45 × 𝐹𝐸ℎ𝑖𝑔ℎ𝑤𝑎𝑦 (𝑛𝑠 )

(5.6)

(5 − 6)

(5.6) can be rewritten as follows to represent the second objective function in
(5.7). The negative of FE is minimized:

𝑓2 (𝑿) = −1 × [0.55 × 𝐹𝐸𝑐𝑖𝑡𝑦 (𝑿) + 0.45 × 𝐹𝐸ℎ𝑖𝑔ℎ𝑤𝑎𝑦 (𝑿)]

(5.7)

𝑤ℎ𝑒𝑟𝑒: 𝑿 = 𝑋1 = 𝑛𝑠
However, if the bandwidth based control strategy is used, the fuel economy varies
by changing three variables: number of cells, 𝑛𝑠 , Student’s-t threshold, 𝑡∝ , and filter cutoff frequency, 𝑓0 ; therefore in (5.7):
𝑿 = 𝑋1 , 𝑋2 , 𝑋3 ; 𝑤ℎ𝑒𝑟𝑒: 𝑋1 = 𝑛𝑠 , 𝑋2 = 𝑡∝ , 𝑎𝑛𝑑, 𝑋3 = 𝑓0
For computing FE, the conditions in standard SAE J1711 for vehicle weight are
applied [64], so the vehicle curb weight plus cargo weight is considered in the
calculation.
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(5 − 7)

5.3.2

ESS side and design constraints
In Chapter 3, it is shown that sizing the engine for average power rather than peak

power increases the overall efficiency. The engine size, in Fig 5.2 or Fig 4.3, is selected
based on this concept. Therefore, for the acceleration scenario which is the peak demand
for short durations, both engine and ESS are required to contribute. This determines the
minimum constraint for the ESS size. (5.8) specifies the available power from the engine
for acceleration:

𝑃𝑎−𝐸𝑛𝑔 = 𝑃𝐸𝑛𝑔 −𝑚𝑎𝑥 × 𝜂𝐺𝑒𝑛 × 𝜂𝑀𝑜𝑡

(5.8)

𝑃𝐸𝑛𝑔−𝑚𝑎𝑥 is the engine peak power, 57 𝑘𝑊; 𝜂𝐺𝑒𝑛 , is the YASA-400 generator
efficiency at 57 𝑘𝑊, 0.93; 𝜂𝑀𝑜𝑡 , is the YASA-400 motor efficiency at 68.4 𝑘𝑊, 0.91.
From (5.8) the engine acceleration power 𝑃𝑎−𝐸𝑛𝑔 = 48.24 𝑘𝑊 is calculated. The power
required from the ESS for acceleration is calculated in (5.9).

𝑃𝑎 −𝐸𝑆𝑆 =

𝑃𝑎 − 𝑃𝑎 −𝐸𝑛𝑔 (68.4 − 48.24)𝑘𝑊
=
= 22.15 𝑘𝑊
𝜂𝑀𝑜𝑡
0.91

(5.9)

(5 − 9)

The minimum number of cells constraining optimization is found from (5.10).

𝑛𝑠−𝑚𝑖𝑛 =

𝑃𝑎−𝐸𝑆𝑆
22.15 𝑘𝑊
=
= 20.94 ≈ 21
𝑃𝐸𝑆𝑆−10𝑠 1.058 𝑘𝑊

(5.10)

Where: 𝑃𝐸𝑆𝑆−10𝑠 is the maximum discharge pulse power for 10 s extracted from
the ESS specifications. Therefore, the number of cells in series is bracketed by (5.11),
which is the side constraint of the optimization problem. Table 5.4 shows the
specifications of the ESS, which was recognized as the best candidate in the parametric
study.
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(5 − 10

𝑛𝑠−𝑚𝑖𝑛 < 𝑛𝑠 < 𝑛𝑠−𝑚𝑎𝑥

(5.11)

Where 𝑛𝑠−𝑚𝑎𝑥 = 100 is the number of cells in series for the 4.5 kWh ESS found
by the parametric study in case study 2. (5.11) can be rewritten as following to represent
a side constraint in (5.12):

21 ≤ 𝑋1 ≤ 100

(5.12)

ESS energy variation at the end of a drive schedule must be kept within the
bounds of acceptable state of charge variation; therefore:

𝑆𝑂𝐶𝑚𝑖𝑛 < ∆𝑆𝑂𝐶 < 𝑆𝑂𝐶𝑚𝑎𝑥
Table 5.4

(5.13)

The specifications of AMP14 cells found through a parametric study on size
for the reference vehicle in case study 2 in Chapter 3.

Manufacturer/model
A123/AMP14
Capacity
14 Ah
Cell weight (CW)
0.51 kg
Nominal Voltage
3.2 V
Discharge Pulse Power (10 sec)
1.058 kW
Discharge Power (continuous)
0.48 kW
Discharge Pulse Current (10 sec)
400 A
Discharge Power (continuous)
180 A
Cost* (EP)
83.33 $/kg
Specific mass of power converter PCW
0.21 kg/kW
Notes: data is extracted from [28], for a Chevrolet Volt 16 kWh/150 kg battery
(5.13) can be rewritten as follows to represent a design constraint on (5.3); 30%
and 80% are set for upper and lower limits:

0.3 < 𝑔𝑗 (𝑿) = ∆𝑆𝑂𝐶(𝑿) ≤ 0.8
(5.12) and (5.14) are respectively side and design constraints for the defined
problem in (5.3).
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(5.14)

5.3.3

Pareto Frontier-Duty Ratio Control Strategy
The result in this section is obtained using the duty ratio control strategy. Fig. 5.3

shows the Pareto Frontier in criterion space which includes optimal ESS costs versus
optimal FE. The optimum values of (5.5) are displayed on the vertical axis, and the
optimum values of (5.7) are displayed on the horizontal axis. The sign of FE shown on
the plot is negative because the negative of FEs have been minimized. A problem arises
with duty ratio control which limits its use with smaller ESS’s. The following analysis
describes the problem. When the number of cells is reduced, the ESS nominal voltage
decreases; therefore, a power interface such as a bidirectional DC-DC converter is
required to build the same voltage at the bus. Different voltage ratios are required for
different numbers of cells, so the range of 𝑁𝑐 , the converter voltage ratio, is determined
by (5.15) for corresponding ESS sizes in (12).

1 < 𝑁𝑐 ≤ 4.17

(5.15)

The expression (5.16) can be written for primary ESS current:

𝐼𝐸𝑆𝑆−𝑃𝑟𝑖𝑚 = 𝑁𝑐 × 𝐼𝐸𝑆𝑆−𝑆𝑒𝑐

(5.16)

Where 𝐼𝐸𝑆𝑆−𝑆𝑒𝑐 is the current at the secondary side of the converter connected to
the power bus.
In duty ratio control, when the engine is off and the vehicle is in AEM mode, the
𝐼𝐸𝑆𝑆−𝑆𝑒𝑐 is equal to the requested motor current. It can be shown that for the case study 2
in section 5.3.2, frequently, a motor current up to 190 A is requested, so based on (5.16),
𝐼𝐸𝑆𝑆−𝑃𝑟𝑖𝑚 = 𝑁𝑐 × 190 𝐴. From Table 5.4, the pulsed current capability of the ESS is
limited to 400 A; therefore, 𝑁𝑐 =

400 𝐴
190 𝐴

= 2.11 is the maximum ratio of the converter.
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The associated number of cells for this boundary is 48. Therefore, for duty ratio control
(5.12) is revised as following:

48 ≤ 𝑋1 ≤ 100

Figure 5.3

(5.17)

Pareto Frontiert in criterion space using duty ratio control strategy. Green
area is infeasible domain.

21 ≤ 𝑋1 < 48 is unfeasible for duty ratio control alone; the corresponding
unfeasible domain in criterion space is shown on the plot in Fig. 5.3. In addition to the
out-of-boundary current problem, larger 𝑁𝑐 results in increased ESS losses, and thermal
and electrical cycling of the battery cells. It is noted that ESS loss increases proportional
with 𝑁𝑐2 . Consequently, with duty ratio control as 𝑁𝑐 increases the ESS efficiency drops
and lifetime may be reduced.
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5.3.4

Pareto Frontier Bandwidth Based Control Strategy
In this section the Pareto Frontier is achieved using a bandwidth based control

strategy. Engine duty cycling as one of the features of the bandwidth based strategy that
is responsible for switching between states to manage the engine in the efficient regions
of the engine efficiency map. However, the number of cycles should be controlled
because frequent engine cycling might cause customer anxiety and may pose long term
reliability issues with the power train components themselves. To control the occurrence
of duty cycling, a third objective function is defined in (5.18) which maximizes the dwell
times of the nominal states. The nominal state dwell time is the percent of time that the
controller dwells in the state, which is proportional to the average or expected motor
power defined for that state by a corresponding driving behavior. Therefore, for city and
highway drive cycles, “Urban” state 2, and “Highway” state 3 are nominal states
respectively (See Fig. 4.6).

103

Figure 5.4

Pareto Frontier in criterion space using bandwidth based control strategy
for optimizing both FE and controller performance.

𝑓3 (𝑿) = −1 × (

𝐷𝑇𝑐𝑖𝑡𝑦 (𝑿) 𝐷𝑇𝐻𝑤 (𝑿)
+
)
𝐷𝑇𝑐𝑖𝑡𝑦 −𝑤
𝐷𝑇𝐻𝑤 −𝑤

(5.18)

Where 𝐷𝑇𝑐𝑖𝑡𝑦 (𝑿) and 𝐷𝑇𝐻𝑤 (𝑿) are respectively city and highway nominal dwell times,
and 𝐷𝑇𝑐𝑖𝑡𝑦−𝑤 = 30% and 𝐷𝑇𝐻𝑤−𝑤 = 50% are respectively the minimum threshold for
dwell time in city and highway states. The negative sign behind the equation is to change
the maximization problem to a minimization problem in order that it can be incorporated
into the general form of (5.3). Similar to (5.7), 𝑿 = 𝑋1 , 𝑋2 , 𝑋3 ; 𝑤ℎ𝑒𝑟𝑒: 𝑋1 = 𝑛𝑠 , 𝑋2 =
𝑡∝ , 𝑎𝑛𝑑, 𝑋3 = 𝑓0 .
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(5 −

Table 5.5

Optimum design variables and their associated optimum points on criterion
space

𝑓2 (𝑿) (MPG)
-46.96
-48.73
-48.37
-47.66
-47.39
-48.19
-48.40
-47.66
-48.25
-48.73
-46.96

𝑓3 (𝑿)
-1.56
-1.31
-1.36
-1.44
-1.52
-1.42
-1.35
-1.44
-1.41
-1.31
-1.56

𝑡∝
0.7687
0.7690
0.7690
0.7689
0.7687
0.7689
0.7690
0.7689
0.7689
0.7690
0.7687

𝑓0 (Hz)
0.0309
0.0282
0.0293
0.0307
0.0288
0.0307
0.0293
0.0306
0.0307
0.0282
0.0309

Dwell time is also affected by the hysteresis band shown in Fig 4.3 (see the up
and down arrows). For example, if the hysteresis band regarding urban state 2, moves
upward compared to what is shown on the plot, smaller dwell time and higher FE is
expected. For best performance the hysteresis bands should also be tuned based on a
requirement. By setting 𝑋1 = 𝑛𝑠 constant, 𝑓1 (𝑿) becomes constant. In this case, a Pareto
Frontier of 𝑓2 (𝑿) and 𝑓3 (𝑿) can be computed by finding the corresponding optimum
design space variables, 𝑋2 = 𝑡∝ , 𝑎𝑛𝑑, 𝑋3 = 𝑓0 . An example for 𝑋1 = 33 is drawn in Fig.
5.4. Table 5.5 shows the optimum values for the Student’s-t threshold, 𝑡∝ , and the cutoff frequency, 𝑓0 corresponding to each point on the Pareto Front in criterion space. All
points are optimum. Depending on the weight that is dedicated to each of objective
function, 𝑓2 and 𝑓3 , one final design can be selected. For example, to be consistent in the
following analysis, the best FE point, or minimum 𝑓2 , is selected as a final optimum
design at this stage. A similar analysis can be carried out for a selected 𝑋1 within the
defined range in (5.12). A parametric study in this range is carried out and the final
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Pareto Front optimal set using the bandwidth-based control strategy, which shows the
ESS costs versus FEs, is drawn in Fig. 5.5. The bandwidth based control strategy
increases the FE by enlarging the ESS. It stops improving the FE when 𝑁𝑐 approaches
unity because the ESS mass becomes significant which adversely affects the FE.

Figure 5.5

5.3.5

Pareto Front optimal set in criterion space using bandwidth-based control
strategy.

Combined Pareto Front set
Bandwidth-based control allows a smaller ESS than duty ratio control alone.

However, this control is more useful for smaller ESS’s; for larger ESS’s pure duty
cycling performs better. To cover the defined ESS range in (5.12) efficiently, both
controllers can be used in their own efficient regions. Fig. 5.6 shows the combination of
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two Pareto Front optimal sets in one plot where bandwidth-based is applied for the range
specified in (5.19) and duty cycling is applied for the rest of the design space.

21 < 𝑋1 < 80
5.3.6

(5.19)

Computational challenges
The optimization and parallel computing tool boxes of MATLAB are used for

solving the optimization problem in this study. This is a nonlinear simulation-based
framework relying on mechanical and electrical subsystems.
MOGA, which is an advanced zeroth order method based on a random search that
operates by evaluating the objective functions, is applied. This algorithm is also known
for its effective performance in finding optimum points in design problems. Computing
results in fig. 5.6 with a four processor machine requires almost 192 hours. The result
displayed in Fig. 5.6 was achieved in 30 hours by using eight 12-processor nodes of a
cluster computer.
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Figure 5.6

5.3.7

Pareto Front optimal set in criterion space using combination of bandwidthbased and duty ratio control strategy in their efficient zones.

Model limitations
Although as mentioned in section 5.3, Autonomie presents conventional and

hybrid vehicle models with decent accuracy, other model limitations are introduced by
customizing the model. For the electric machine, a YASA-400, the efficiency map
provided by the manufacturer is used, so the accuracy of the model is affected by the
accuracy of manufacturer data. In this system level optimization study, the associated
time constants of engine acceleration and deceleration power are ignored. For the
conventional-vehicle reference model, a 57 kW Prius engine is scaled up to 85 kW which
108

might affect the result to some extent. However, the result can be justified by comparing
to similar conventional vehicles available in the market. The power converter losses are
not included in the model, so it is expected that after considering this dissipation the
Pareto Frontier will move somewhat to the right.
5.4

Chapter Summary
In this chapter, an advanced bandwidth-based power flow control method is used

to extend the SHEV engine management benefit to smaller ESS. The bandwidth-based
control strategy introduced in Chapter 4 was joined with an engine duty ratio control
strategy that together cover the full range of feasible ESS designs for realizing a SHEV
with limited AEM. At the end, the Pareto Frontier, including optimal ESS costs and FE’s,
is computed using a simulation-based parallel multi-objective optimization based on the
genetic algorithm.
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CHAPTER VI
CONCLUSIONS AND FUTURE WORK

In this dissertation, a bandwidth-based methodology for designing the energy
storage system (ESS) has been proposed for a series hybrid electric vehicle (SHEV). The
motivation for selecting a frequency domain approach is the fact that with the benefit of
engine management a small ESS can play the role of a filter rather than be a major energy
source. In three phases, a design approach is developed for the twin goals of maximizing
the fuel economy (FE) and minimizing the ESS cost. In phase one, a parametric study is
conducted over different sizes and types of passive non hybrid and hybrid ESS’s for
maximizing FE. A vehicle model in Autonomie is used to simulate the performance of
the power train and a customized engine duty ratio control strategy is applied for
distributing the load between engine and ESS. A specific high power battery is
recognized as a winning candidate in this phase of the research. A series HEV emulator
has been built to empirically validate the performance of the selected design and the
reported results show close agreement between simulation and experiment. However, a
4.5 kWh battery is still required. Control strategy limitations and the passive
interconnection of the ESS to the bus are found to be the obstacles to further ESS
minimization. These issues were addressed in phase two.
In phase two, a bandwidth-based control strategy is proposed which manages the
power flow between ICE and ESS to allow additional minimization of the ESS. The
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controller has two features: efficient ICE duty-cycling management and bandwidthlimited proportional control. Two features limit the ESS current spectrum, the major
obstacle for ESS minimization, within the ICE operational bandwidth, BW. A BW was
found via a multi-objective optimization to optimize both FE and controller performance.
A feasibility study was presented that tested the controller performance for a sports-car
concept SHEV with severely limited ESS space allocation. The controller permits a
SHEV power-train with the ESS capacity as low as 1.125 kWh to be realized.
In phase three, the bandwidth-based control strategy was teamed with engine duty
ratio control to cover the entire design space for the size of the ESS in a SHEV reference
vehicle. The bandwidth-based controller allows the engine management benefits of the
SHEV architecture to be extended to smaller-sized ESS. The minimum size is
constrained by vehicle acceleration requirements and the maximum size was bounded by
that found in phase one. A Pareto Frontier, including optimized FE’s and ESS costs, is
computed. The Pareto Frontier is a valuable design information which defines optimum
designs in response to different customer requirements.
For future work, it is recommended that the bandwidth-based control strategy be
tested on the emulator for validating the feasibility study of the Subaru BRZ concept
SHEV. In addition to that, a library of statistically distributed drive cycles should be
developed and used to test the bandwidth-based controller for sensitivity of performance
over a broad range of random driving styles. Finally, the design of the specific engine
used in a Series HEV should be rethought for the purpose of maximizing the efficiencies
at favorable operating points, as opposed to relying on engines intended for the
continuously changing power demands of a conventional automobile.
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CALIBRATION AND SETTING ASSOCIATED TO CHASSIS
DYNAMOMETER TEST
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A.1

Calibration and setting associated to chassis dynamometer
Rolling resistance causes a significant vehicle loss; the associated force is

calculated from the following equation:

𝐹𝑟 = 𝑀𝑔(𝑓𝑟0 + 𝑓𝑟1 × 𝑉)

(A.1)

Where 𝑀 is vehicle mass, 𝑔 is 9.8 m.s-2, 𝑉 is vehicle linear speed in m.s-1, and 𝑓𝑟0
and 𝑓𝑟1 are the rolling resistance coefficients.
Aerodynamic drag also causes a significant vehicle loss; the corresponding force
is expressed by the following equation:
1
𝐹𝑤 = 𝜌𝑎 𝐴𝑓 𝐶𝐷 𝑉 2
2

(A.2)

Where 𝜌𝑎 is the air density in kg/m3, 𝐴𝑓 is the effective frontal area of the vehicle
in m2, and 𝐶𝐷 is the aerodynamic drag coefficient. So the combined force of both losses is
expressed by following equation in Newtons. No grade force is applied in this test.

𝐹𝑙𝑜𝑠𝑠 = 𝐹𝑟 + 𝐹𝑤

(A.3)

Autonomie accepts𝑓𝑟0 , 𝑓𝑟1 , 𝐴𝑓 , and 𝐶𝐷 as inputs for calculating the vehicle
loss.The chassis dynamometer software also uses the same equation but in pound force as
follows.

𝐹𝑙𝑜𝑠𝑠 = 𝐹0 + 𝐹1 × 𝑉 + 𝐹2 × 𝑉 2
Where 𝐹0 = 𝑀𝑔𝑓𝑟0 in lbsf, 𝐹1 = 𝑀𝑔𝑓𝑟1 in lbsf/mph, and 𝐹2 is lbsf/mph2
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(A.4)

In addition to 𝐹𝑙𝑜𝑠𝑠 in (4) which is generated to model the vehicle loss behavior,
additional losses are present due to drag of the tires on rolling steel and the transmission’s
loss already included in the road-load model. So these losses are seen twice by the
vehicle. These losses can be measured by finding additional coefficients for equation (4)
like shown in (5) below:
𝐹𝑐𝑎𝑙 = 𝑉0 + 𝑉1 × 𝑉 + 𝑉2 × 𝑉 2

(A.5)

In the following table values for 𝐹0 , 𝐹1 , 𝐹2 in the dynamometer software and
typical values previously measured for 𝑉0 , 𝑉1 , and 𝑉2 are presented.
Table A.1

Parameters of chassis dynamometer software

𝐹0
𝐹1
𝐹2
𝑉0
𝑉1
𝑉2
2
111 lbsf -1.2 lbsf/mph 0.0314 lbsf/mph 47 lbsf 0.57 lbsf/mph 0.0140 lbsf/mph2

In the experimental work section the vehicle sees the modeled vehicle losses and
the calibration losses. So, adjusted Autonomie’s input parameters can be calculated as
follows:
Table A.2

Parameters of Autonomie software

𝑓𝑟0
0.0448

𝐴𝑓
0.0314 m2

𝑓𝑟1
-3.74e lbsf/mph
-4

𝐶𝐷
0.4338

By applying these parameters the total energy of mechanical power at the output
of the motor has a 7% difference between simulation and experiment. According to the
manual, one reason might be the friction calibration issue of the dynamometer. To take
into consideration the entire the loss before the motor mechanical power, the parameters
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are tuned and presented below which leads to very close motor average power in both
simulation and experiment.
Table A.3

Tuned parameters of Autonomie software

𝑓𝑟0
0.0540

𝐴𝑓
0.0314 m2

𝑓𝑟1
-4.03e lbsf/mph
-4
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𝐶𝐷
0.4338

